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T h i s  s t u d y  was d i r e c t e d  a t  d e t e r m i n i n g  t h e  i n t e r e s t  i n  m i c r o g r a v i t y  com- 
I 
cr) b u s t i o n  e x p e r i m e n t s  i n  Space S t a t i o n  and i d e n t i f y i n g  t h e  f u t u r e  r e q u i r e m e n t s  
f o r  c o m m e r c i a l l y  m o t i v a t e d  combust ion exper iments  on Space S t a t i o n .  
1.1 Approach Used i n  S tudy  
The o b j e c t i v e s  were accompl ished by c o n t a c t i n g  181 i n d i v i d u a l s  from 113 
o r g a n i z a t i o n s .  The c o n t a c t s  were  d i v i d e d  e q u a l l y  among: 
( 1 )  Commercial o r g a n i z a t i o n s  i n v o l v e d  i n  p r o d u c i n g  a p r o d u c t  
( 2 )  U n i v e r s i t i e s  
(3) Government o r g a n i z a t i o n s  or i n d u s t r i a l  o r g a n i z a t i o n s  t o t a l l y  d e v o t e d  
The i n t e r e s t  o f  t h e  commercial  s e c t o r  i n  Space S t a t i o n  combust ion e x p e r i -  
t o  p e r f o r m i n g  r e s e a r c h  
ments can be d i v i d e d  i n t o  f i v e  i n t e r e s t  groups:  
( 1 )  F i r e  s a f e t y  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  
( 2 )  F i r e  s a f e t y  for space a p p l i c a t i o n s  
( 3 )  P r o p u l s i o n  and power 
( 4 )  I n d u s t r i a l  bu rne rs  
( 5 )  P o l l u t i o n  c o n t r o l  
The v a r i o u s  types of exper iments  t h a t  may be c o n s i d e r e d  fo r  m i c r o g r a v i t y  
combust ion  s t u d i e s  i n  Space S t a t i o n  w e r e  a r b i t r a r i l y  d i v i d e d  i n t o  s i x  
c a t e g o r i e s :  
( 1 )  No f low system w i t h  s o l i d  or l i q u i d  f u e l s  
( 2 )  Homogeneous m i x t u r e s  o f  f u e l  and a i r  
( 3 )  Low f low system w i t h  s o l i d  or l i q u i d  f u e l s  
( 4 )  Low f low system w i t h  gaseous f u e l  
( 5 )  H igh  p r e s s u r e  combust ion systems 
(6) S p e c i a l  bu rne r  systems 
Wi th  these c a t e g o r i e s  i t  was p o s s i b l e  t o  d e s c r i b e  t h e  genera l  r e q u i r e m e n t s  
for  each t y p e  o f  e x p e r i m e n t  w i t h o u t  g o i n g  i n t o  s p e c i a l  equipment needs, e t c . ,  
t h a t  would be un ique to  i n d i v i d u a l  e x p e r i m e n t s  or i n d i v i d u a l  e x p e r i m e n t e r s .  
1 . 2  Survey of I n t e r e s t s  
The r e s u l t s  o f  t h e  s u r v e y  showed t h a t  t h e  o r g a n i z a t l o n s  c o n s u l t e d  had 
v a r y i n g  i n t e r e s t s  i n  m i c r o g r a v i t y  combust ion  exper iments  i n  Space S t a t i o n .  
The amount o f  a c t u a l  i n v o l v e m e n t  i n  exper iments  would depend on t h e  f a c i l i t i e s  
p r o v i d e d  and l i m i t a t i o n s  imposed on  exper iments  per fo rmed i n  Space S t a t i o n .  
Everyone s t a t e d  t h e  d e s i r e  for a l a b o r a t o r y  env i ronment  i n  wh ich  a s e r i e s  
o f  t e s t s  c o u l d  be per fo rmed w i t h  t i m e  between t e s t  s e r i e s  t o  a n a l y z e  t h e  d a t a  
and m o d i f y  t h e  t e s t  c o n d i t i o n s  f o r  t h e  n e x t  s e r i e s  o f  c o n d i t i o n s .  W i t h o u t  t h i s  
t y p e  o f  env i ronment  i t  i s  b e l i e v e d  t h a t  t h e  t i m e ,  e f f o r t ,  and c o s t  r e q u i r e d  t o  
deve lop  an exper iment  would exceed t h e  v a l u e  o f  t h e  e x p e r i m e n t .  
exper iments  t h e  l a b o r a t o r y  env i ronment  i s  t h e  m a j o r  advantage i n  c o n d u c t i n g  
exper iments  i n  Space S t a t i o n .  W i t h o u t  t h e  l a b o r a t o r y  env i ronment  many e x p e r i -  
menta l  packages would have to  be t a k e n  t o  space t o  o b t a i n  t h e  d a t a  r e q u i r e d  i n  
one program. U s i n g  s e v e r a l  f l i g h t s  would i n c r e a s e  t h e  c o s t  and t o t a l  d u r a t i o n  
o f  t h e  program. 
conducted w i t h  o t h e r  f a c i l i t i e s  w i t h  s i m i l a r  i n c r e a s e  i n  costs and d u r a t i o n  o f  
t h e  program. The need for a l a b o r a t o r y  env i ronment  r e q u i r e s  Space S t a t i o n  t o  
have a s u p p l y  o f  a i r  f o r  e x p e r i m e n t a l  use and a means o f  d i s p o s i n g  o f  combus- 
t i o n  p r o d u c t s .  The d e s i r e  t o  change t h e  t e s t  c o n d i t i o n s  a f t e r  r e v i e w i n g  t h e  
d a t a  w i l l  a lso  r e p r e s e n t  a p r o b l e m  t h a t  must be addressed to  p e r m i t  NASA t o  
have t h e  c o n t r o l s  needed t o  a s s u r e  the s a f e t y  and u s a b i l i t y  of t h e  Space 
S t a t i o n .  
For  many 
U s i n g  prepackaged exper iments  many o f  t h e  programs c o u l d  be 
The s t r o n g e s t  i n t e r e s t  i n  a l l  t y p e s  o f  exper iments  was from t h e  F i r e  
S a f e t y  w i t h  T e r r e s t r i a l  A p p l i c a t i o n s ,  P r o p u l s i o n  and Power, and P o l l u t i o n  Con- 
t r o l  g roups .  The F i r e  S a f e t y  w i t h  Space A p p l i c a t i o n s  group had m a j o r  i n t e r -  
e s t s  i n  s e v e r a l  e x p e r i m e n t  t y p e s  w h i l e  t h e  i n t e r e s t s  o f  t h e  I n d u s t r i a l  B u r n e r  
g roup were c o n c e n t r a t e d  i n  a few e x p e r i m e n t  t y p e s .  
The l i q u i d  or s o l i d  f u e l s  exper iments  i n v o l v i n g  no  flow or low f low had 
t h e  h i g h e s t  i n t e r e s t .  Homogeneous m i x t u r e s  and gaseous f u e l  e x p e r i m e n t s  had 
medium i n t e r e s t  w i t h  a l l  t h e  groups .  H i g h  p r e s s u r e  combust ion  and s p e c i a l  
b u r n e r  exper iments  had g e n e r a l l y  low i n t e r e s t ,  a l t h o u g h  t h e y  were o f  impor-  
t a n c e  i n  a few s p e c i f i c  a p p l i c a t i o n s .  
Requirements f o r  t h e  combust ion  f a c i l i t y  and i n d i v i d u a l  e x p e r i m e n t s  a r e  
p r o v i d e d .  A l l  o f  t h e  t e s t s  c o u l d  be per fo rmed i n  a combust ion  f a c i l i t y  t h a t  
f i t s  i n t o  t h e  doub le  r a c k  Space S t a t i o n  l a y o u t .  Combining t h e  most severe  
c o n d i t i o n s  from each e x p e r i m e n t  t y p e  ( b u t  n o t  i n c l u d i n g  t h e  h i g h  power r e q u i r e -  
ments fo r  t h e  h i g h  p r e s s u r e  e x p e r i m e n t s )  t h a t  c o u l d  be conducted i n  t h e  combus- 
t i o n  f a c i l i t y  r e s u l t s  i n  t h e  f o l l o w i n g  e s t i m a t e d  r e q u i r e m e n t s  for a t y p i c a l  
t e s t  program as i n d i c a t e d  b y  t h e  t e c h n i c a l  i n t e r v i e w s :  
Frequency o f  t e s t s  - number . . . . . , . . . . . . . . . . . 
Frequency o f  t e s t s  - number of s e r i e s  , . . . . . . . . . . . 
Frequency o f  t e s t s  - t i m e  fo r  a s e r i e s  . . . . . . . . . . . 
Frequency o f  t e s t s  - l e n g t h  o f  i n d i v i d u a l  t e s t  . . . . . . . 
T o t a l  w e i g h t  o f  f a c i l i t y  and e x p e r i m e n t a l  appara tus  . . . . . 
Mass o f  t h e  a i r  used i n  e x p e r i m e n t a l  program . . . . . . . . 
Volume o f  a i r  used i n  e x p e r i m e n t a l  program . . . . . . . . . 
Mass o f  f u e l  used i n  e x p e r i m e n t a l  program . . . . . . . . . . 
Volume o f  f u e l  used i n  e x p e r i m e n t a l  program . . . . . . . . . 
60 ( i n  a program) 
3 t o  4 
5 h r  maximum 
1 h r  maximum 
200 k g  
loo 100 k9 m 
30 m k4 
. 
2 
Power r e q u i r e m e n t s  - maximum . . . . . . . . . . . . . . . .  2 kW 
Power r e q u i r e m e n t s  - energy  . . . . . . . . . . . . . . . . .  0.5 kWh 
Thermal l o a d  - maximum . . . . . . . . . . . . . . . . . . .  0.5 kW 
Thermal l o a d  - combust ion  energy  . . . . . . . . . . . . . .  1 kWh 
The most d i f f i c u l t  p rob lem w i t h i n  these r e q u i r e m e n t s  i s  t h e  need t o  d i s -  
pose o f  t h e  100 m3 o f  warm combust ion p r o d u c t s  c r e a t e d  i n  a 5-hour t e s t  s e r i e s .  
The use o f  f i r e  e x t i n g u i s h i n g  and f i r e  suppressant  m a t e r i a l s  i n  some o f  t h e s e  
s t u d i e s  means t h e  combust ion p r o d u c t s  c o u l d  c o n t a i n  t o x i c  a n d / o r  c o r r o s i v e  
gases. The c o r r o s i v e n e s s  would impose a d d i t i o n a l  problems r e g a r d i n g  t h e  mate- 
r i a l s  used i n  t h e  exhaust  system ( s t a i n l e s s  s t e e l s  may r e q u i r e  a t e f l o n  
c o a t i n g ) .  
The s u r v e y  i n d i c a t e d  t h a t  i t  would be d i f f i c u l t  t o  j u s t i f y  and s u p p o r t  a 
m i c r o g r a v i t y  combust ion  exper iment  b y  one o r g a n i z a t i o n .  
j u s t i f y  programs i n d i c a t e s  a need to  combine e x p e r i m e n t  needs o f  d i f f e r e n t  
g roups  i n t o  one e x p e r i m e n t .  
Lack o f  a b i l i t y  t o  
The s u r v e y  r e s u l t s  i n d i c a t e d  a d e s i r e  t o  have deve loped modular  d iagnos-  
t i c  equipment  t h a t  a r e  e x t e r n a l  t o  t h e  combust ion f a c i l i t y .  These i n c l u d e :  
( 1 )  V i d e o  system 
( 2 )  Temperature measur ing  system ( u s i n g  l a s e r s )  
( 3 )  Species and p a r t i c l e  measur ing  system ( u s i n g  l a s e r s  and mass 
s p e c t r o m e t e r )  
W i t h  t h e  equipment  b e i n g  modular  and e x t e r n a l  i t  c o u l d  be used on  d i f f e r -  
e n t  e x p e r i m e n t s  ( i n c l u d i n g  noncombust ion exper iments  t h a t  have t h e  same needs) 
and f o r  Space S t a t i o n  o p e r a t i o n s .  
1 . 3  F i n d i n g s  
The commercial  s e c t o r  has a d e f i n i t e  i n t e r e s t  and need t o  conduct  c e r t a i n  
m i c r o g r a v i t y  combust iot :  exper iments  i n  Space S t a t i o n .  The main m o t i v a t i o n  f o r  
t h e s e  i n t e r e s t s  i s  t o  use m i c r o g r a v i t y  as an i d e a l i z e d  n o n - c o n v e c t i v e  e n v i r o n -  
ment f o r  exper iments  aimed a t  o b t a i n i n g  a b e t t e r  u n d e r s t a n d i n g  o f  combust ion  
phenomena a s s o c i a t e d  w i t h  new a n d / o r  b e t t e r  p r o d u c t s .  
I n t e r e s t  i n  m i c r o g r a v i t y  combust ion  exper iments  c o v e r s  a l l  a s p e c t s  o f  com- 
b u s t i o n  and a l l  t y p e s  o f  o r g a n i z a t i o n s .  Many i n d i v i d u a l s  and o r g a n i z a t i o n s  
want t o  p e r f o r m  t h e  same t y p e  o f  e x p e r i m e n t s ,  wh ich  can be accompl ished i n  t h e  
same program w i t h  one s e t  o f  equipment .  
t i o n s  were concerned about  p r o p r i e t a r y  d a t a  as everyone i s  i n t e r e s t e d  i n  b a s i c  
i n f o r m a t i o n .  
None o f  t h e  i n d i v i d u a l s  or o r g a n i z a -  
I n d i v i d u a l  o r g a n i z a t i o n s  do n o t  have s u f f i c i e n t  r e s o u r c e s  or i n t e r e s t  
A commer c o m p l e t e l y  u n d e r t a k e  a m i c r o g r a v i t y  combust ion  e x p e r i m e n t  a l o n e .  
o r g a n i z a t i o n  has d i f f i c u l t y  i n i t i a t i n g  and s u p p o r t i n g  a program t h a t  w i l l  
r e q u i r e  5 t o  10 y e a r s  t o  comple te .  
Equipment r e q u i r e m e n t s  to  meet t h e  m a j o r i t y  o f  t h e  f u t u r e  needs a r e  s 
p l e .  U s i n g  a g e n e r a l  combust ion f a c i l i t y  w i t h  s e v e r a l  s p e c i f i c  p i e c e s  o f  
t o  
c a l  
m- 
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a p p a r a t u s  t o  p e r f o r m  d i f f e r e n t  t ypes  o f  exper iments  w i l l  m e e t  most f u t u r e  
needs. 
Everyone i n t e r e s t e d  i n  m i c r o g r a v i t y  combust ion exper iments  expressed a 
need t o  have a l a b o r a t o r y  env i ronment  f a c i l i t y  i n  Space S t a t i o n .  T h i s  means 
t h e  c a p a b i l i t y  o f  p e r f o r m i n g  a s e r i e s  o f  t e s t s  w i t h  t i m e  between s e r i e s  t o  ana- 
l y z e  t h e  d a t a  and change t h e  t e s t  m a t r i x  or t e s t  p rocedures  f o r  t h e  f o l l o w i n g  
s e r i e s .  
1 . 4  Recommendations 
To o b t a i n  t h e  maximum i n v o l v e m e n t  o f  t h e  p r i v a t e  s e c t o r  i n  Space S t a t i o n  
t h e  f o l l o w i n g  recommendat ions a r e  made: 
( 1 )  Des ign  and d e v e l o p  a combust ion  f a c i l i t y  f o r  Space S t a t i o n  w i t h  a l a b -  
o r a t o r y  env i ronment  t h a t  a l l o w s  m u l t i p l e  usage f o r  a l l  c a t e g o r i e s  o f  combust ion 
t e s t  t e c h n i q u e s .  A l a b o r a t o r y  env i ronment  would p e r m i t  a s e r i e s  o f  t e s t s  t o  
be conducted  w i t h  t i m e  t o  a n a l y z e  t h e  d a t a  between s e r i e s  and change t e s t  con- 
d i t i o n s  for  t h e  n e x t  s e r i e s  of t e s t s .  
( 2 )  Develop a t e c h n o l o g y  p l a n  t h a t  has t h e  commercial  s e c t o r  i n v o l v e d  i n  
e v e r y  e x p e r i m e n t  from i t s  i n i t i a l  p l a n n i n g  u n t i l  t h e  t e s t s  a r e  completed on 
Space S t a t i o n .  I n v o l v i n g  t h e  commercial  s e c t o r  w i l l  reduce t h e  cost t o  each 
group and i n c r e a s e  t h e  v a l u e  o f  t h e  e x p e r i m e n t s .  
( 3 )  P r o v i d e  s u p p o r t  (development  funds or f l i g h t  expenses) for e x p e r i -  
ments or programs t h a t  i n c l u d e  t e s t s  to  m e e t  t h e  needs o f  s e v e r a l  groups and 
have f i n a n c i a l  i n v o l v e m e n t  and i n t e r e s t  from t h e  d i f f e r e n t  o r g a n i z a t i o n s  ( a t  
l e a s t  one o f  wh ich  must be commerc ia l ) .  P r o v i d e  modular  d i a g n o s t i c  u n i t s  f o r  
measur ing  and r e c o r d i n g  combust ion  phenomena t h a t  a r e  e x t e r n a l  to  t h e  combus- 
t i o n  f a c i l i t y .  These u n i t s  can be used i n  o t h e r  e x p e r i m e n t s  ( i n c l u d i n g  
non-combust ion e x p e r i m e n t s )  and Space S t a t i o n  o p e r a t i o n s .  
11. INTRODUCTION 
M i c r o g r a v i t y  combust ion  has been a g r o w i n g  f i e l d  o f  i n t e r e s t  s i n c e  t h e  
i n i t i a l  s t u d i e s  w e r e  conducted  by Kumagai and I s o d a  a t  t h e  U n i v e r s i t y  of  Tokyo 
i n  t h e  1 9 5 0 ' s .  S ince  then  major  r e s e a r c h  f a c i l i t i e s  f o r  c o n d u c t i n g  m i c r o g r a v -  
i t y  combust ion  e x p e r i m e n t s  have been deve loped.  These i n c l u d e  t h e  Space Shut-  
t l e ,  Space Lab, sound ing  r o c k e t s ,  a i r c r a f t  f l y i n g  p a r a b o l i c  t r a j e c t o r i e s ,  d rop  
towers, and d rop  tubes .  I n  these  f a c i l i t i e s  i t  i s  p o s s i b l e  t o  o b t a i n  low g rav -  
i t y  c o n d i t i o n s  for seconds ( i n  d rop  tubes  o r  t owers )  t o  days i n  t h e  Space 
S h u t t l e  or Spacelab.  I n  t h e  1990 's  a n o t h e r  f a c i l i t y  w i l l  be a v a i l a b l e  f o r  con- 
d u c t i n g  m i c r o g r a v i t y  combust ion  exper iments - - the  Space S t a t i o n - - a n d  t h e  t i m e  
w i l l  be expanded t o  months.  A m a j o r  p a r t  o f  t h e  Space S t a t i o n  program i s  
d i r e c t e d  a t  i n v o l v i n g  t h e  p r i v a t e  s e c t o r  i n  t h e  U .S .  n a t i o n a l  space program. 
T h i s  i s  t o  be accompl ished by p r o v i d i n g  l a b o r a t o r y  t e s t i n g  and s e r v i c i n g  capa- 
b i l i t i e s  t o  m e e t  t h e  needs o f  t h e  p r i v a t e  sector i n  t h e  1990 's  and 2000's. 
S t u d i e s  t o  i d e n t i f y  f u t u r e  r e q u i r e m e n t s  for  exper iments  i n  Space S t a t i o n  
were  i n i t i a t e d  by NASA t h r o u g h  t h e  Lewis Research Cen te r .  The f irst s tudy  
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i n v o l v e d  a l l  t y p e s  o f  m i c r o g r a v i t y  e x p e r i m e n t s  and was conducted b y  Wyle Labo- 
r a t o r i e s  ( t h e  r e s u l t s  were r e p o r t e d  i n  CR-175038, ( r e f .  1 ) ) .  The second s t u d y  
c o n c e n t r a t e d  on  combust ion  e x p e r i m e n t s .  T h i s  r e p o r t  p r e s e n t s  t h e  survey  
r e s u l t s  and recommendat ions of t h e  s t u d y  conducted for t h e  Lewis Research Cen- 
t e r  t o  d e t e r m i n e  i n d u s t r y  r e q u i r e m e n t s  f o r  m i c r o g r a v i t y  combust ion  exper iments  
aboard  Space S t a t i o n .  
B e f o r e  a t t e m p t i n g  t o  e s t a b l i s h  r e q u i r e m e n t s  f o r  c o n d u c t i n g  e x p e r i m e n t s  i n  
a s c i e n t i f i c  f i e l d  as broad and d i v e r s i f i e d  as combust ion ,  i t  i s  i m p o r t a n t  t o  
d e f i n e  t h e  v a r i o u s  i n t e r e s t s  i n  m i c r o g r a v i t y  combust ion .  One method o f  catego-  
r i z i n g  combust ion  e x p e r i m e n t s  i s  t o  s e g r e g a t e  t h e  e f f o r t s  i n t o  t h e  c l a s s i c a l  
t y p e s  o f :  b a s i c  r e s e a r c h ,  a p p l i e d  r e s e a r c h ,  t e c h n o l o g y  development ,  and a p p l i -  
c a t i o n s  or p r o d u c t  development .  The i m p o r t a n t  component o f  m i c r o g r a v i t y  com- 
b u s t i o n  e x p e r i m e n t s  i s  b a s i c  u n d e r s t a n d i n g  where t h e  m i c r o g r a v i t y  env i ronment  
o f f e r s  i d e a l ,  n o n - c o n v e c t i v e  c o n d i t i o n s  f o r  combust ion  e x p e r i m e n t s .  Commer- 
c i a l  o r g a n i z a t i o n s  as w e l l  as b a s i c  r e s e a r c h e r s  must unders tand,  or  overcome 
as necessary ,  b a s i c  combust ion  phenomena. 
Another  method f o r  c a t e g o r i z i n g  combust ion  e x p e r i m e n t s  i s  b y  d e f i n i n g  t h e  
combust ion  phenomena i n v o l v e d  i n  t h e  i n v e s t i g a t i o n .  D i s c u s s i n g  e x p e r i m e n t  
r e q u i r e m e n t s  u s i n g  t h e s e  c a t e g o r i e s  i n v o l v e s  d e f i n i n g  t h e  d e t a i l s  o f  each 
e x p e r i m e n t .  The needs o f  t h e  commerc ia l  s e c t o r  a r e  n o t  w e l l  i d e n t i f i e d  by 
these c a t e g o r i e s .  A commercial  o r g a n i z a t i o n  w i l l  be i n t e r e s t e d  i n  many o f  
t h e s e  c a t e g o r i e s  and must u n d e r s t a n d  a n d / o r  r e s o l v e  problems a s s o c i a t e d  w i t h  
v a r i o u s  c a t e g o r i e s  t o  improve a n d / o r  d e v e l o p  a p r o d u c t .  For t h i s  s t u d y  t h e  
c a t e g o r i e s  o f  combust ion  e x p e r i m e n t s  w i l l  be d e f i n e d  i n  terms o f  p h y s i c a l  sys- 
tems o f  i n t e r e s t  t o  t h e  commercial  s e c t o r .  The s e t  o f  e x p e r i m e n t s  w i l l  be 
d e f i n e d  l a t e r .  
The i n f o r m a t i o n  needed t o  e s t a b l i s h  e x p e r i m e n t a l  r e q u i r e m e n t s  f o r  combus- 
t i o n  s t u d i e s  i n  Space S t a t i o n  was o b t a i n e d  by c o n t a c t i n g  v a r i o u s  i n d i v i d u a l s  
and o r g a n i z a t i o n s  i n  t h e  combust ion  community.  A t o t a l  o f  181 i n d i v i d u a l s  
from 113 o r g a n i z a t i o n s  was c o n t a c t e d .  The c o n t a c t s  i n c l u d e d  v i s i t s  (30 i n d i -  
v i d u a l s  a t  12 O r g a n i z a t i o n s ) ,  phone c a l l s  (127 i n d i v i d u a l s  a t  83 o r g a n i z a -  
t i o n s ) ,  and c o n v e r s a t i o n s  a t  t e c h n i c a l  meet ings  or conferences  ( 2 4  i n d i v i d u a l s  
from 18 o r u a n i z a t i o n s ) .  These i n d i v i d u a l s  and o ruan iza t i ons  w e r e  s e l e c t e d  as 
t h o s e  w i  t h - p o t e n t i a l  i n t e r e s t  
e x p e r i m e n t s .  
The c o n t a c t s  were e q u a l 1  
c l a s s e s :  
( 1 )  Commercial o r g a n i z a t  
( 2 )  U n i v e r s i t i e s  
( 3 )  Government o r g a n i z a t  
p e r f o r m i n g  r e s e a r c h  
or a p p l i c a t i o n  for Space S t a t i o n  combust ion  
d i v i d e d  among groups  or i n d i v i d u a l s  i n  t h r e e  
ons i n v o l v e d  i n  p r o d u c i n g  a p r o d u c t  
ons or o r g a n i z a t i o n s  t o t a l l y  devoted  t o  
We d i d  n o t  c o n t a c t  a l l  p o t e n t i a l  u s e r s  ( a n  i m p r a c t i c a l  t a s k ) ,  b u t  by 
i n t e r v i e w i n g  a l a r g e  sample from v a r i o u s  u s e r  a reas  i t  i s  v iewed t h a t  t h i s  s u r -  
vey r e p r e s e n t s  t h e  i n t e r e s t s  t h a t  c o u l d  be expec ted  f o r  work t o  be per fo rmed 
10 or more y e a r s  i n  t h e  f u t u r e .  I n  c r i t i c a l  a reas  or where more s p e c i f i c  
i n f o r m a t i o n  was r e q u i r e d ,  second c o n t a c t s  were made t o  o b t a i n  more d e t a i l s  t o  
i d e n t i f y  d e s i g n  r e q u i r e m e n t s .  
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The i n t e r e s t s  of t h e  commercial  s e c t o r  i n  Space S t a t i o n  combust ion e x p e r i -  
ments can be d i v i d e d  i n t o  f i v e  i n t e r e s t  g roups :  
( 1 )  F i r e  s a f e t y  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  
(2 )  F i r e  s a f e t y  i n  space a p p l i c a t i o n s  
( 3 )  P r o p u l s i o n  and power 
( 4 )  I n d u s t r i a l  b u r n e r s  
(5) P o l l u t i o n  c o n t r o l  
The f irst two t o p i c s  a r e  concerned w i t h  t h e  d e s t r u c t i v e  n a t u r e  o f  combus- 
t i o n .  The t h i r d  and f o u r t h  t o p i c s  i n v o l v e  t h e  use o f  combust ion i n  commercial  
v e n t u r e s .  The f i f t h  c a t e g o r y ,  p o l l u t i o n  c o n t r o l ,  o v e r l a p s  some o f  t h e  o t h e r  
a reas .  P o l l u t i o n  c o n t r o l  i s  a v e r y  i m p o r t a n t  a r e a  and has s e v e r a l  s p e c i a l  con- 
c e r n s .  T h e r e f o r e ,  i t  i s  a s s i g n e d  as an a d d i t i o n a l  t o p i c .  These t o p i c s  a r e  
used i n  t h i s  s t u d y  t o  a i d  i n  d e f i n i n g  e x p e r i m e n t a l  r e q u i r e m e n t s  f o r  combust ion  
s t u d i e s  i n  Space S t a t i o n .  S e c t i o n  I 1 1  p r o v i d e s  a d e s c r i p t i o n  o f  t h e  i n d u s t r i a l  
i n t e r e s t ,  f o r  each of t h e  f i v e  i n t e r e s t  groups i d e n t i f i e d  above. 
S e c t i o n  I V  g i v e s  a d e s c r i p t i o n  of t h e  v a r i o u s  e x p e r i m e n t s  t h a t  have been 
i d e n t i f i e d  f o r  m i c r o g r a v i t y  s t u d i e s  i n  Space S t a t i o n .  S i x  g e n e r a l  c a t e g o r i e s  
o f  e x p e r i m e n t a l  combust ion  t e c h n i q u e s  were i d e n t i f i e d :  
( 1 )  No f low s y s t e m  w i t h  s o l i d  or l i q u i d  f u e l  
( 2 )  Homogeneous m i x t u r e s  o f  f u e l  and a i r  
( 3 )  Low f low system w i t h  s o l i d  or l i q u i d  f u e l  
( 4 )  Low flow system w i t h  gaseous f u e l  
(5) H i g h  p r e s s u r e  combust ion  system 
(6) S p e c i a l  combust ion  systems 
For each c a t e g o r y  a r e p r e s e n t a t i v e  e x p e r i m e n t  i s  d e f i n e d  a l o n g  w i t h  a gen- 
e r a l  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t  and t h e  purpose or o b j e c t i v e s  o f  t h e  e x p e r i -  
ment.  
S t a t i o n  i s  a l s o  p r o v i d e d  i n  t h i s  s e c t i o n .  
The r e q u i r e m e n t s  f o r  c o n d u c t i n g  each c a t e g o r y  o f  e x p e r i m e n t  i n  Space 
S e c t i o n  V c o n t a i n s  d i s c u s s i o n s  aimed a t  i d e n t i f y i n g  t h e  o v e r a l l  i n t e r e s t  
i n  m i c r o g r a v i t y  combust ion  e x p e r i m e n t s  and t h e  d i f f e r e n t  g roups ,  o r g a n i z a t i o n s ,  
i n d i v i d u a l s ,  e t c . ,  i n t e r e s t e d  i n  c o n d u c t i n g  t h e  same t y p e s  o f  e x p e r i m e n t s .  
For each i n t e r e s t  g roup t h e  r e l a t i v e  i n t e r e s t  i n  each t y p e  of e x p e r i m e n t s  i s  
assessed.  
I The o v e r a l l  Space S t a t i o n  f a c i l i t y  r e q u i r e m e n t s  a r e  p r o v i d e d  i n  Sec- 
t i o n  V I .  The r e q u i r e m e n t s  t h a t  NASA i s  s e e k i n g  a t  t h i s  t i m e  a r e  e s t i m a t e s  o f :  
(1 )  P h y s i c a l  s i z e  
( 2 )  Mass 
( 3 )  Power r e q u i r e m e n t s  
(4) Thermal l o a d s  
( 5 )  Data  communicat ions 
(6) Crew i n v o l v e m e n t  
( 7 )  S e r v i c i n g  
(8) S a f e t y  i s s u e s  
(9 )  Frequency,  d u r a t i o n ,  and number o f  e x p e r i m e n t s  
(10) Genera l  c h a r a c t e r i s t i c s  of  e x p e r i m e n t s  and programs 
. 
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Whi le  these r e q u i r e m e n t s  w i l l  v a r y  between e x p e r i m e n t s  and e x p e r i m e n t e r s ,  
r e p r e s e n t a t i v e  v a l u e s  a r e  p r o v i d e d  based on t h e  r e q u i r e m e n t s  f o r  i n d i v i d u a l  
e x p e r i m e n t s  t h a t  a r e  p r e s e n t e d  i n  S e c t i o n  I11 so t h a t  Space S t a t i o n  can p r o -  
v i d e  t h e  maximum c a p a b i l i t y  t o  m e e t  f u t u r e  needs.  The r e q u i r e m e n t s  f o r  con- 
d u c t i n g  m i c r o g r a v i t y  combust ion  e x p e r i m e n t s  i n  Space S t a t i o n  a r e  compared w i t h  
p r e s e n t  p l a n s  f o r  Space S t a t i o n  i n  S e c t i o n  V I .  The most severe  r e q u i r e m e n t s  
a r e  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  V I I .  A summary o f  f i n d i n g s  fo l lows i n  Sec- 
t i o n  V I I I .  Recommendations a r e  g i v e n  i n  S e c t i o n  I X .  
A l i s t  o f  c o n t a c t s  made d u r i n g  t h i s  s t u d y ,  o r g a n i z e d  a l p h a b e t i c a l l y  by 
o r g a n i z a t i o n ,  i s  p r o v i d e d  i n  Appendix A .  For each c o n t a c t  a c r o s s  r e f e r e n c i n g  
i n d e x  i s  p r o v i d e d  t o  show t h e  i n t e r e s t  groups and e x p e r i m e n t  c a t e g o r y  d e t e r -  
mined from t h e  s u r v e y  t o  a p p l y  t o  t h e  i n d i v i d u a l  or  o r g a n i z a t i o n .  W h i l e  these 
ass ignments a r e  judgments o f  t h e  a u t h o r ,  and t h e  l i s t  i s  n o t  e x h a u s t i v e ,  i t  i s  
i n t e n d e d  t h a t  t h e  l i s t  w i l l  p r o v i d e  an i n d i c a t i o n  o f  d e p t h  and o v e r l a p  o f  
i n t e r e s t s  and s e r v e  as a c a t a l y s t  i n  h e l p i n g  v a r i o u s  i n d i v i d u a l s  and groups  t o  
work t o g e t h e r  i n  p l a n n i n g  and c o n d u c t i n g  combust ion  e x p e r i m e n t s  on  Space Sta-  
t i o n  t o  o b t a i n  maximum b e n e f i t s .  
111. INDUSTRIAL I N T E R E S T  I N  MICROGRAVITY COMBUSTION EXPERIMENTS 
T h i s  s e c t i o n  c o n t a i n s  a d e s c r i p t i o n  o f  t h e  needs and a p p l i c a t i o n s  i n  com- 
b u s t i o n  t h a t  have been i d e n t i f i e d  f o r  each o f  t h e  i n t e r e s t  g roups :  
( 1 )  F i r e  s a f e t y  fo r  t e r r e s t r i a l  a p p l i c a t i o n s  
( 2 )  F i r e  s a f e t y  i n  space a p p l i c a t i o n s  
(3) P r o p u l s i o n  and power 
(4) I n d u s t r i a l  b u r n e r s  
(5) P o l l u t i o n  c o n t r o l  
The o b j e c t i v e  f o r  t h i s  s e c t i o n  i s  t o  p r o v i d e  t h e  f o u n d a t i o n  r e q u i r e d  t o  
j u d g e  t h e  needs and t y p e  o f  i n t e r e s t  t h a t  e x i s t  f o r  m i c r o g r a v i t y  combust ion  
e x p e r i m e n t s .  
111.1 F i r e  S a f e t y  f o r  T e r r e s t r i a l  A p p l i c a t i o n s  
T h i s  i n t e r e s t  g roup i s  concerned w i t h  p r e v e n t i n g ,  d e t e c t i n g ,  c o n t r o l l i n g ,  
f i g h t i n g ,  and s u p p r e s s i n g  unwanted f i r e s .  Many m a n u f a c t u r e r s  have an i n t e r e s t  
i n  t h i s  a r e a  because o f  p o s s i b l e  f i r e  or e x p l o s i o n  hazards .  
i n c l u d e s  codes, s t a n d a r d s ,  and r e g u l a t o r y  agenc ies  t h a t  must  p r o v i d e  t h e  i n f o r -  
m a t i o n  needed t o  a c h i e v e  t h e  d e s i r e d  l e v e l  o f  f i r e  s a f e t y .  Also i n c l u d e d  a r e  
t h e  i n s u r a n c e  o r g a n i z a t i o n s  t h a t  e s t a b l i s h  t h e  l e v e l  o f  r i s k  i n v o l v e d  i n  f i r e  
s a f e t y .  T h i s  g roup expressed a v e r y  s t r o n g  need f o r  a b e t t e r  u n d e r s t a n d i n g  o f  
combust ion  phenomena. T e s t  p rocedures ,  s t a n d a r d s ,  codes,  e t c . ,  t h a t  a r e  b e i n g  
used were developed o v e r  a l o n g  p e r i o d  o f  t i m e  and a r e  v e r y  e m p i r i c a l .  W h i l e  
these measures a r e  c o n s i d e r e d  adequate i t  i s  a l s o  r e a l i z e d  t h a t  a h i g h  l e v e l  
o f  m a r g i n  has been i n t r o d u c e d  t o  i n s u r e  s a f e t y  wh ich  r e s u l t s  i n  h i g h e r  costs. 
T h i s  g roup r e a l i z e s  t h a t  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  combust ion  i s  needed so 
t h a t  new p r o d u c t s  can be produced s a f e l y  and e c o n o m i c a l l y .  
T h i s  g r o u p  
The m a j o r  s p e c i f i c  needs o f  t h i s  i n t e r e s t  g roup c o n c e r n i n g  m i c r o g r a v i t y  
combust ion  exper iments  a r e :  
7 
( 1 )  U n d e r s t a n d i n g  o f  and a t e s t  method for d u s t  e x p l o s i o n s .  M i c r o g r a v i t y  
p r o v i d e s  an i d e a l  env i ronment  f o r  d u s t - c l o u d  e x p e r i m e n t a t i o n  where a known 
homogeneous m i x t u r e  w i l l  p e r s i s t  f o r  a l o n g  p e r i o d  o f  t i m e .  
( 2 )  U n d e r s t a n d i n g  and e v a l u a t i n g  f i r e  s u p p r e s s i o n  and /o r  e x t i n g u i s h i n g  
m a t e r i a l s .  Because o f  t h e  c o m p l e x i t y  o f  t h e  combust ion  p rocess ,  t h e r e  i s  con- 
s i d e r a b l e  d isagreement  over t h e  mechanism o f  s u p p r e s s i o n .  
ments would p r o v i d e  t h e  i d e a l  t e s t  c o n d i t i o n s  needed to  d e t e r m i n e  how t h e  
suppressant  i n t e r a c t s  w i t h  t h e  f i r e .  M i c r o g r a v i t y  would a l s o  p r o v i d e  t h e  t e s t  
bed f o r  e v a l u a t i n g  new and d i f f e r e n t  s u p p r e s s a n t s .  I n d i v i d u a l s  w o r k i n g  i n  
t h i s  a rea  want t o  end e v e r y  m i c r o g r a v i t y  combust ion t e s t  by  i n t r o d u c i n g  a f i r e  
suppressant .  
M i c r o g r a v i t y  e x p e r i -  
(3) D e t e r m i n i n g  s i g n a t u r e s  o f  d i f f e r e n t  t ypes  o f  f i r e s .  F i r e  d e t e c t i o n  
i s  c u r r e n t l y  based on d e t e c t i n g  smoke p a r t i c l e s ,  a t e m p e r a t u r e  r i s e ,  or r a d i -  
a n t  energy .  I n v e s t i g a t i o n s  o f  f i r e  s i g n a t u r e s  i n  t h e  s i m p l i f i e d  t r a n s p o r t  
env i ronment  o f  m i c r o g r a v i t y  would g r e a t l y  a i d  i n  u n d e r s t a n d i n g  t h e  needs f o r  
f i r e  d e t e c t i o n .  
( 4 )  D e t e r m i n i n g  i g n i t i o n  r e q u i r e m e n t s  fo r  d i f f e r e n t  combust ion  c o n d i t i o n s .  
Many f i r e  s a f e t y  f e a t u r e s  a r e  i n v o l v e d  w i t h  c o n t r o l l i n g  t h e  i g n i t i o n  mechan- 
i s m s .  Whi le  c o n s i d e r a b l e  d a t a  a r e  a v a i l a b l e  on i g n i t i o n  r e q u i r e m e n t s ,  t h e  
u n d e r s t a n d i n g  o f  i g n i t i o n  makes e x t r a p o l a t i n g  t h e  d a t a  t o  new c o n d i t i o n s  and 
m a t e r i a l s  d i f f i c u l t .  The s i m p l i f i e d  energy  t r a n s p o r t  t h a t  e x i s t s  i n  m i c r o g r a v -  
i t y  w i l l  i s o l a t e  t h e  impor tance o f  energy  t r a n s p o r t  i n  i g n i t i o n .  
(5) D e t e r m i n i n g  f i r e  s a f e t y  i n  a i r c r a f t ,  s h i p s ,  and submar ines.  F i r e  
s a f e t y  i n  these  a p p l i c a t i o n s  have many s i m i l a r i t i e s  t o  t h e  c l o s e d  e n v i r o n m e n t  
o f  Space S t a t i o n .  Th is  analogous knowledge o b t a i n e d  i n  t h e  i d e a l i z e d  e n v i r o n -  
ment o f  space would be o f  g r e a t  v a l u e  i n  d e t e r m i n i n g  t h e  f i r e  s a f e t y  f a c t o r s  
and /o r  r e q u i r e m e n t s  i n  these  t e r r e s t r i a l  a p p l i c a t i o n s .  
111.2 F i r e  S a f e t y  f o r  Space A p p l i c a t i o n s  
F i r e  s a f e t y  problems i n  space a p p l i c a t i o n s  have many un ique  a s p e c t s .  
I n t e r e s t  was found  o u t s i d e  o f  NASA. I nsu rance  o r g a n i z a t i o n s  w e r e  v e r y  con- 
cerned about  t h e  f i r e  s a f e t y  aspec ts  i n  space a p p l i c a t i o n s .  Lack o f  knowledge 
about  f i r e s  i n  space l i m i t s  t h e  a b i l i t y  t o  d e t e r m i n e  r i s k  f a c t o r s .  Organ iza-  
t i o n s  t h a t  would be i n t e r e s t e d  i n  p r o v i d i n g  f i r e  d e t e c t i o n  d e v i c e s ,  f i r e  sup- 
p r e s s i o n  or e x t i n g u i s h m e n t  d e v i c e s ,  f i r e  f i g h t i n g  equipment ,  and m a t e r i a l s  fo r  
use i n  space a r e  l i m i t e d  i n  t h e  p r o d u c t s  t h e y  can d e v e l o p  because o f  t h e  l a c k  
o f  d a t a  t o  v e r i f y  assumed models o f  m i c r o g r a v i t y  combust ion.  Hence, a l l  o f  
these groups expressed an i n t e r e s t  i n  m i c r o g r a v i t y  combust ion e x p e r i m e n t s  t o  
a i d  i n  p r o d u c t  development .  
O r g a n i z a t i o n s  i n v o l v e d  i n  f i r e  s a f e t y  c o n s i d e r a t i o n s  i n  space a r e  i n  a 
quandry r e g a r d i n g  t h e  i n t e r e s t  shown i n  p e r f o r m i n g  m i c r o g r a v i t y  e x p e r i m e n t s .  
To be t e c h n i c a l l y  c o m p e t i t i v e  each o r g a n i z a t i o n  must demonst ra te  an unders tand-  
i n g  o f  m i c r o g r a v i t y  combust ion and f i r e  s a f e t y  i n  space. T h e r e f o r e ,  t h i s  group 
has n o t  been v e r y  f o r c e f u l  i n  s t a t i n g  i t s  needs f o r  m i c r o g r a v i t y  combust ion  
exper iments .  T h i s  group has some o f  t h e  s t r o n g e s t  needs i n  p e r f o r m i n g  m i c r o -  
g r a v i t y  combust ion exper iments  i n  Space S t a t i o n ,  some o f  wh ich  a r e  aimed a t  
s o l v i n g  t h e  immediate problems o f  Space S t a t i o n .  
a 
Major  s p e c i f i c  needs o f  t h i s  g roup i n v o l v i n g  m i c r o g r a v i t y  combust ion  
exper iments  a r e :  
( 1 )  C h a r a c t e r i s t i c s  o f  f i r e s  i n  m i c r o g r a v i t y  w i t h  v e r y  low c o n v e c t i o n  
v e l o c i t i e s  encountered  i n  space a p p l i c a t i o n s .  The m a j o r  concern  i s  d e t e r m i n -  
i n g  t h e  l e v e l  o f  c o n v e c t i o n  t h a t  w i l l  s u s t a i n  d i f f e r e n t  s i z e  f i r e s  i n  
m i  c r o g r a v i  t y .  
( 2 )  E f f e c t i v e  f i r e  f i g h t i n g  t e c h n i q u e s  f o r  space a p p l i c a t i o n s .  F i r e  
f i g h t i n g  t e c h n i q u e s  fo r  t e r r e s t r i a l  a p p l i c a t i o n s  r e l y  s t r o n g l y  on g r a v i t y  t o  
a i d  i n  c o n t r o l l i n g  t h e  f i r e  and a r e  n o t  a p p l i c a b l e  i n  space. Almost a l l  tech-  
n iques  f o r  f i r e  f i g h t i n g  i n  space a r e  based on assumpt ions t h a t  cannot  be 
proven or t e s t e d  w i t h o u t  m i c r o g r a v i t y  combust ion e x p e r i m e n t s .  
( 3 )  I g n i t i o n  r e q u i r e m e n t s  i n  space a p p l i c a t i o n s .  E x t e n s i v e  d a t a ,  r u l e s ,  
p r a c t i c e s ,  e t c . ,  a r e  a v a i l a b l e  f o r  m i n i m i z i n g  t h e  o n s e t  o f  f i r e s  i n  t e r r e s t r i a l  
a p p l i c a t i o n s  wh ich  a r e  n o t  a p p l i c a b l e  i n  space. The p r o c e d u r e s ,  m a t e r i a l s ,  
e t c . ,  t h a t  s h o u l d  be used t o  p r e v e n t  f i r e s  a r e  a m a j o r  concern  f o r  manufac tur -  
e r s  i n v o l v e d  w i t h  space a p p l i c a t i o n s .  
( 4 )  I n f l u e n c e  o f  f l a m e  c h a r a c t e r i s t i c s  on f i r e  d e t e c t i o n  methods f o r  
space a p p l i c a t i o n s .  Flame d e t e c t i o n  methods based on u s i n g  c o n v e c t i o n  f l ow  
w i l l  n o t  work i n  space. O p t i c a l  t e c h n i q u e s  t h a t  can be used f o r  f i r e  d e t e c t i o n  
a r e  v e r y  dependent on t h e  f l a m e  c h a r a c t e r i s t i c s .  To d e v e l o p  f i r e  d e t e c t i o n  
methods f o r  space r e q u i r e s  a g e n e r a l  knowledge o f  f l a m e  phenomena and f i r e  
c h a r a c t e r i s t i c s .  When a p r o d u c t  i s  developed or i s  t o  be used i t  w i l l  be 
i m p o s s i b l e  t o  t e s t  a n d / o r  demonst ra te  t h e  p r o d u c t  w i t h o u t  m i c r o g r a v i t y  combus- 
t i o n  e x p e r i m e n t s .  
(5) E f f e c t i v e n e s s  o f  f i r e  e x t i n g u i s h i n g  and s u p p r e s s i o n  agents  i n  space. 
F i r e  s a f e t y  problems i n  space (and s p e c i a l  a p p l i c a t i o n s  for t e r r e s t r i a l  use)  
have p r o v i d e d  t h e  impetus t o  d e v e l o p  new p r o d u c t s  t o  c o n t r o l  f i r e s .  I t  i s  
i m p o r t a n t  to  know and demonst ra te  how t h e  agents  w i l l  c o n t r o l  r e a l  f i r e s  i n  
space. T h i s  can o n l y  be accompl ished w i t h  m i c r o g r a v i t y  combust ion  t e s t s  o f  
r e a s o n a b l e  s i z e  and d u r a t i o n .  
111.3 P r o p u l s i o n  and Power A p p l i c a t i o n s  
T h i s  i n t e r e s t  g roup i n c l u d e s  those o r g a n i z a t i o n s  u s i n g  advanced t e c h n o l -  
ogy t o  o b t a i n  t h e  maximum e f f i c i e n c y  and per fo rmance from t h e  combust ion  p r o -  
cesses i n v o l v e d  i n  i n t e r n a l  combust ion  eng ines ,  power g e n e r a t i n g  b o i l e r s ,  gas 
t u r b i n e s ,  and r o c k e t  eng ines .  C o n s i d e r a b l e  r e s e a r c h  and t e c h n o l o g y  advance- 
ments have been accompl ished by or s u p p o r t e d  by o r g a n i z a t i o n s  i n  t h e s e  f i e l d s  
T h i s  g roup i s  l o o k i n g  a t  m i c r o g r a v i t y  combust ion  as a means o f  u n d e r s t a n d i n g  
combust ion phenomena t o  o b t a i n  a b r e a k t h r o u g h  i n  t e c h n o l o g y  t h a t  can l e a d  t o  
improved f u t u r e  p r o d u c t s .  
The b e s t  example o f  t h e  a p p l i c a t i o n  o f  m i c r o g r a v i t y  combust ion  exper imen 
i s  t h a t  o f  t h e  i n v e s t i q a t i o n  o f  soot f o r m a t i o n .  I n  D r a c t i c a l  systems i t  i s  
S 
d i f f i c u l t  t o  o b t a i n  t h e  d e t a i l e d  i n f o r m a t i o n  r e q u i r e d  t o  u n d e r s t a n d  and c o n t r o l  
soot f o r m a t i o n .  
e x t r a p o l a t i o n  t o  r e a l  c o n d i t i o n s .  M i c r o g r a v i t y  combust ion  p r o v i d e s  an i d e a l  
t e s t  for examin ing  soot f o r m a t i o n .  
S i m p l i f i e d  e x p e r i m e n t s  a r e  conducted t o  o b t a i n  d a t a  f o r  
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The major needs of this interest group involving microgravity combustion 
experiments are: 
(1) Simplified experiments under the ideal conditions provided by micro- 
gravity are needed to obtain the basic understanding of combustion phenomena 
involved in pollution and soot formation. 
( 2 )  High pressure combustion experiments in microgravity to control con- 
vection flow so that the formation of soot can be determined. To achieve 
higher performance many of the applications are relying on higher combustion 
chamber pressures where soot formation is a major problem. 
(3) New technology that can lead to innovative ideas for future develop- 
ment efforts. With a better means of analysis and modeling achieved through 
microgravity experiments it might be possible, for example, to control fuel 
preparation in an optimum manner for the desired combustion characteristics. 
111.4 Industrial Burners 
Industrial burners are used in chemical processing, materials processing, 
industrial furnaces, incineration, heating, and cooking. In these applications 
t h e  combust ion system i s  n o t  a major  f a c t o r  i n  t h e  f i n a l  p r o d u c t .  Changes i n  
the product are made slowly, and reliability is more important than 
performance. 
With industrial burners the major challenges are in making burners for 
new processes. Generally this is accomplished by modifying existing burners 
or reapplying the technology. 
need for improved burner technology is more noticeable. The industry expressed 
an interest in microgravity combustion experiments but could not provide defin- 
itive needs or areas where work is most needed. The most important need now 
is related to pollution control. 
A s  new technology becomes more predominant the 
The major needs of this interest group involving microgravity combustion 
experiments are: 
(1) The industry needs more information about the controlling parameters 
in the formation of NOx and soot. While they meet the current requirements 
placed on them for pollution control the industry is concerned that future 
requirements would be difficult to accomplish with present technology. 
o f  the burners use gaseous fuel (with simple premixed or bunsen burners) or 
oil, and any fundamental data obtained with microgravity would help in meeting 
future requirements. 
Most 
( 2 )  Understanding combustion phenomena in new types of burners. The 
industry i s  starting to use new burners such as infrared and catalytic, which 
rely on different technology than used previously. 
phenomena over a wide range of conditions as would be obtained with micrograv- 
ity combustion experiments would be of value t o  the industry in extrapolating 
old technology and developing new approaches for new types of burners. 
Understanding combustion 
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111.5 P o l l u t i o n  C o n t r o l  
The i n d u s t r i a l  b u r n e r s  and t h e  p r o p u l s i o n  and power i n t e r e s t  groups a r e  
d i r e c t l y  i n v o l v e d  w i t h  p o l l u t i o n  c o n t r o l  p rob lems.  These i n t e r e s t s  a r e  
d i r e c t e d  a t  c o n t r o l l i n g  t h e  p o l l u t i o n  g e n e r a t e d  by  t h e  combust ion  p r o c e s s .  
P o l l u t i o n  i s  an i n d i c a t i o n  o f  i n e f f i c i e n t  or n o n - i d e a l  combust ion .  T h e r e f o r e ,  
t o  c o n t r o l  p o l l u t i o n ,  i t  i s  i m p o r t a n t  t o  u n d e r s t a n d  t h e  s m a l l e s t  d e t a i l  o f  com- 
b u s t i o n .  M i c r o g r a v i t y  combust ion exper iments  o f f e r  t h i s  i n t e r e s t  g roup u n i q u e  
o p p o r t u n i t i e s  f o r  c o n d u c t i n g  t e s t s  t o  i n v e s t i g a t e  t h e  d e t a i l s  o f  t h e  combus- 
t i o n  p r o c e s s  under  v e r y  c o n t r o l l e d  c o n d i t i o n s .  Many o f  t h e  c u r r e n t  m i c r o g r a v -  
i t y  combust ion  e x p e r i m e n t s  a r e  d i r e c t e d  a t  o b t a i n i n g  t h i s  t y p e  o f  i n f o r m a t i o n .  
I n d i c a t i o n s  a r e  t h a t  t h e  i n t e r e s t  i n  t h i s  a r e a  w i l l  be m a i n t a i n e d  and expanded 
w i t h  t h e  o p p o r t u n i t i e s  p r e s e n t e d  by  Space S t a t i o n .  
The f i r e  s a f e t y  g roup i s  concerned about  p o l l u t i o n  g e n e r a t e d  by  some f i r e  
e x t i n g u i s h i n g  and s u p p r e s s i o n  m a t e r i a l s .  Many o f  these m a t e r i a l s  g e n e r a t e  
t o x i c  or h a r m f u l  combust ion  b y - p r o d u c t s .  These tox ic  by-produc ts  a r e  a l s o  t h e  
concern  o f  r e g u l a t o r y  agenc ies  t h a t  a r e  i n v e s t i g a t i n g  new m a t e r i a l s .  Many o f  
t h e  f i r e  f i g h t i n g  m a t e r i a l s  were s e l e c t e d  on t h e  b a s i s  o f  e f f e c t i v e n e s s  w i t h -  
o u t  an u n d e r s t a n d i n g  o f  how t h i s  e f f e c t i v e n e s s  i s  a c h i e v e d .  U n d e r s t a n d i n g  and 
d e m o n s t r a t i n g  how t h e s e  m a t e r i a l s  i n f l u e n c e  t h e  combust ion process  w i l l  have a 
l a r g e  i m p a c t  o n  t h e  development o f  new m a t e r i a l s .  I n  a d d i t i o n  t o  t h e  by- 
p r o d u c t s ,  t h e  f i r e  e x t i n g u i s h i n g  m a t e r i a l s  themselves o f t e n  p r e s e n t  p o l l u t i o n  
prob lems,  from d i s c h a r g e s  i n  t e s t i n g  or i n  leakage.  
The m a j o r  needs o f  t h i s  i n t e r e s t  g roup i n  m i c r o g r a v i t y  combust ion  e x p e r i -  
ments a r e :  
( 1 )  U n d e r s t a n d i n g  how f i r e  e x t i n g u i s h i n g  and suppressant  m a t e r i a l s  con- 
t r o l  f i r e s .  D i f f e r e n t  t h e o r i e s  a r e  p r e s e n t e d  by  v a r i o u s  d i s c  p l i n e s  i n  t h e  
combust ion  community.  Most t h e o r i e s  a r e  based on  assumpt ions t h a t  a r e  depend- 
e n t  o n  f i r e  c o n d i t i o n s ,  t y p e  of f i r e ,  e t c .  I n f o r m a t i o n  used n d e s i g n i n g  f i r e  
e x t i n g u i s h e r s  i s  v e r y  e m p i r i c a l  and i s  n o t  concerned w i t h  how t h e  m a t e r i a l  con- 
t r o l s  t h e  f i r e .  A p p l i c a t i o n  t o  new t y p e s  o f  f i r e s ,  f i r e s  i n  pace, f i r e s  i n  
c o n f i n e d  l i v i n g  spaces ( l i k e  a i r p l a n e s  or submar ines) ,  or new m a t e r i a l s  i s  d i f -  
f i c u l t .  The u n d e r s t a n d i n g  of combust ion  phenomena t h r o u g h  t e s t i n g  t h e s e  mate- 
r i a l s  i n  m i c r o g r a v i t y  combust ion e x p e r i m e n t s  i s  an i m p o r t a n t  goa l  t o  t h i s  
i n t e r e s t  g roup.  
( 2 )  T h i s  i n t e r e s t  g roup i s  i n t e r e s t e d  i n  u n d e r s t a n d i n g  t h e  mechanism o f  
soot f o r m a t i o n  i n  f lames.  Recent i n v e s t i g a t i o n s  have shown t h a t  soot i s  p r o -  
duced i n  v e r y  l o c a l i z e d  areas  t h a t  i n v o l v e  a l m o s t  a l l  a s p e c t s  o f  t h e  combus- 
t i o n  phenomena. Whi le  t h e  knowledge o f  soot f o r m a t i o n  i s  g r o w i n g  r a p i d l y ,  
c r i t i c a l  e x p e r i m e n t s  a r e  needed t o  d e t e r m i n e  and c o n t r o l  t h e  v a r i o u s  compet i -  
t i v e  p rocesses  i n  f lames.  M i c r o g r a v i t y  combust ion  o f f e r s  t h i s  u n i q u e  
c a p a b i l i t y .  Many of t h e  c u r r e n t  m i c r o g r a v i t y  combust ion  programs a r e  d i r e c t e d  
a t  p r o v i d i n g  a b e t t e r  u n d e r s t a n d i n g  o f  soot f o r m a t i o n .  
i t y  o f  combust ion  and t h e  concern  or i n t e r e s t  i n  c o n t r o l l i n g  soot f o r m a t i o n  i t  
i s  s a f e  to  say t h a t  t h i s  i n t e r e s t  w i l l  e x t e n d  i n t o  t h e  use o f  Space S t a t i o n  
f o r  m i c r o g r a v i t y  combust ion e x p e r i m e n t s .  
Because o f  t h e  complex- 
( 3 )  A n o t h e r  concern  i s  t h e  i n f l u e n c e  o f  f l a m e  c h a r a c t e r i s t i c s  on  NOx and 
SOX p r o d u c t i o n .  The c h e m i s t r y  of NOx and SOX f o r m a t i o n  i s  r e a s o n a b l y  w e l l  
u n d e r s t o o d  f o r  most combust ion s y s t e m s ,  b u t  means o f  r e d u c i n g  or c o n t r o l l i n g  
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t h e  chemica l  f o r m a t  
T h i s  i n t e r e s t  g roup 
b u s t i o n  e x p e r i m e n t s  
c o u l d  be a c h i e v e d .  
on  b y  changes i n  system d e s i g n  a r e  a c t i v e  
hopes t h a t  w i t h  improved knowledge from rn 
a m a j o r  b r e a k t h r o u g h  i n  t h e  p r o d u c t i o n  o f  
y b e i n g  pursued.  
c r o g r a v i  t y  com- 
these p o l l u t a n t s  
I V .  M ICROGRAVITY COMBUSTION E X P E R I M E N T S  
A f t e r  r e v i e w i n g  t h e  i n t e r e s t s  o f  v a r i o u s  i n d i v i d u a l s  and groups i n  micro- 
g r a v i t y  combust ion,  d u r i n g  t h i s  s u r v e y ,  i t  became a p p a r e n t  t h a t  t h e  v a r i o u s  
e x p e r i m e n t s  c o u l d  be p l a c e d  i n t o  s i x  c a t e g o r i e s  of  e x p e r i m e n t s :  
( 1 )  No f low system w i t h  s o l i d  or l i q u i d  f u e l  
( 2 )  Homogeneous m i x t u r e s  o f  f u e l  and a i r  
(3) Low f low s y s t e m  w i t h  s o l i d  or  l i q u i d  f u e l  
(4) Low f low system w i t h  gaseous f u e l  
( 5 )  H igh  p r e s s u r e  combust ion  systems 
( 6 )  S p e c i a l  b u r n e r  systems 
Each o f  t h e s e  c a t e g o r i e s  i n c l u d e s  many d i f f e r e n t  exper iments  t h a t  would 
be dependent  on  t h e  s p e c i f i c  o b j e c t i v e  o f  t h e  program and t h e  i n d i v i d u a l  exper -  
i m e n t e r .  However, a l l  o f  t h e  d i f f e r e n t  exper iments  w i t h i n  a c a t e g o r y  would 
have t h e  same r e q u i r e m e n t s  f o r  t h e  Space S t a t i o n  f a c i l i t y .  Each e x p e r i m e n t  
wou ld  be conducted w i t h  some equipment  t h a t  i s  u n i q u e  t o  t h a t  exper iment  and 
s u p p l i e d  b y  t h e  p r i n c i p a l  i n v e s t i g a t o r ,  b u t  each e x p e r i m e n t  c o u l d  be des igned 
t o  use t h e  g e n e r a l  equipment  for t h a t  c a t e g o r y  o f  e x p e r i m e n t s .  
Almost a l l  groups c o n t a c t e d  d u r i n g  t h i s  s t u d y  i n d i c a t e d  t h a t  t h e  m a j o r  
r e q u i r e m e n t  f o r  m i c r o g r a v i t y  combust ion  s t u d i e s  on  Space S t a t i o n  i s  t o  p r o v i d e  
a l a b o r a t o r y  e n v i r o n m e n t ,  r e g a r d l e s s  o f  t h e  n a t u r e  o f  t h e  e x p e r i m e n t .  M i c r o -  
g r a v i t y  combust ion t e s t s  n o r m a l l y  r e q u i r e  l e s s  t h a n  m i n u t e s  t o  p e r f o r m  an 
e x p e r i m e n t .  S e t t i n g  up t h e  e x p e r i m e n t a l  c o n d i t i o n s  r e q u i r e d  f o r  t h e  e x p e r i -  
ment n o r m a l l y  r e q u i r e s  c o n s i d e r a b l y  more t i m e .  W i t h o u t  a l a b o r a t o r y  e n v i r o n -  
ment,  f o r  m i c r o g r a v i t y  combust ion  t e s t s  i n  Space S t a t i o n ,  e x p e r i m e n t e r s  would 
need s e v e r a l  e x p e r i m e n t a l  packages t r a n s p o r t e d  i n t o  space t o  o b t a i n  t h e  d e s i r e d  
t e s t  r e s u l t s .  M u l t i p l e  t e s t  packages would i n c r e a s e  t h e  cost o f  t h e  e x p e r i -  
ments and e x t e n d  t h e  program o v e r  a l o n g e r  p e r i o d  o f  t i m e .  For many e x p e r i -  
ments u s i n g  m u l t i p l e  t e s t  packages t h e  program c o u l d  be conducted u s i n g  o t h e r  
f a c i l i t i e s  w i t h  s i m i l a r  i n c r e a s e s  i n  c o s t  and program d u r a t i o n .  
The i n v e s t i g a t o r s  w i l l  want t o  conduct  m u l t i p l e  t e s t s  o v e r  a wide range 
o f  c o n d i t i o n s .  I n  a t y p i c a l  t e s t  program, i n i t i a l  t e s t s  would be conducted t o  
c a l i b r a t e  t h e  a p p a r a t u s .  I n i t i a l  t e s t  r e s u l t s  would be ana lyzed,  p r o b a b l y  
w i t h  t h e  a i d  o f  a computer model ,  and a new t e s t  p l a n  p r e p a r e d  t o  o b t a i n  t h e  
maximum i n f o r m a t i o n .  A t e s t  s e r i e s  f o l l o w e d  by  a n a l y s i s  and a n o t h e r  s e r i e s  o f  
t e s t s  c o u l d  be r e p e a t e d  s e v e r a l  t i m e s ,  depending on  t h e  s p e c i f i c  e x p e r i m e n t  
and e x p e r i m e n t a l  r e s u l t s .  T h i s  f l e x i b i l i t y  i s  needed t o  use t h e  f u l l  c a p a b i l -  
i t y  of Space S t a t i o n .  
To o b t a i n  a l a b o r a t o r y  e n v i r o n m e n t  Space S t a t i o n  w i l l  have t o  p r o v i d e  a 
s u p p l y  o f  a i r  f o r  use i n  t h e  e x p e r i m e n t s  and a method fo r  d i s p o s i n g  o f  t h e  
exhaust  p r o d u c t s .  The f u e l  s u p p l y  would n o r m a l l y  be a un ique p a r t  o f  each 
e x p e r i m e n t a l  program and c a r r i e d  up t o  Space S t a t i o n  fo r  t h a t  e x p e r i m e n t .  
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Since f i r e - s a f e t y  i n v e s t i g a t o r s  wou ld  be u s i n g  t h e  same a p p a r a t u s  t o  i n v e s t i -  
g a t e  f i r e  e x t i n g u i s h i n g  and s u p p r e s s i n g  m a t e r i a l s  t h e  e x h a u s t  p r o d u c t  c o u l d  be 
t o x i c ,  c o r r o s i v e ,  and p o l l u t i n g .  There fore  t h e  exhaust  system w i l l  have spe- 
c i a l  d e s i g n  r e q u i r e m e n t s  ( i . e . ,  s t a i n l e s s  s t e e l  m i g h t  be used w i t h  s p e c i a l  
c o a t i n g s  o f  t e f l o n  t o  w i t h s t a n d  t h e  c o r r o s i v e  a tmosphere) .  
A l l  c a t e g o r i e s  o f  e x p e r i m e n t s  have t h e  same l a b o r a t o r y  e n v i r o n m e n t  
r e q u i r e m e n t ,  so t h e y  w i l l  n o t  be r e p e a t e d  fo r  each e x p e r i m e n t .  O n l y  u n i q u e  
f e a t u r e s  w i l l  be ment ioned.  I n  t h e  f o l l o w i n g  s e c t i o n s  a d e s c r i p t i o n  o f  t h e  
v a r i o u s  t y p e s  o f  e x p e r i m e n t s  t h a t  c o u l d  be conducted  w i t h i n  each c a t e g o r y  
l i s t e d  above i s  g i v e n .  Also i n c l u d e d  a r e  t h e  o b j e c t i v e s  o f  t h e  v a r i o u s  e x p e r i -  
ments and t h e  j u s t i f i c a t i o n  f o r  t h e  use o f  Space S t a t i o n .  To i n d i c a t e  t h e  
l e v e l  o f  e f f o r t  r e q u i r e d  t o  conduct  exper iments  i n  each c a t e g o r y  t h e  d u r a t i o n  
o f  a t y p i c a l  e x p e r i m e n t  i s  i n c l u d e d .  A f t e r  d e s c r i b i n g  each e x p e r i m e n t  t h e  
Space S t a t i o n  r e q u i r e m e n t s  for t h a t  c a t e g o r y  o f  e x p e r i m e n t  a r e  p r o v i d e d .  
Requirements i n v o l v i n g  d a t a  p r o c e s s i n g  and crew i n v o l v e m e n t  a r e  s i m i l a r  f o r  
each c a t e g o r y  and a r e  t h e r e f o r e  o n l y  l i s t e d  i n  t h e  o v e r a l l  f a c i l i t y  r e q u i r e -  
ments o f  S e c t i o n  V I .  
I V . 1  No Flow System w i t h  S o l i d  or L i q u i d  Fuel  
T h i s  c a t e g o r y  r e p r e s e n t s  t h e  g e n e r a l  c l a s s  o f  e x p e r i m e n t s  where s m a l l  
q u a n t i t i e s  o f  f u e l  a r e  p l a c e d  i n  a q u i e s c e n t  a tmosphere,  i g n i t e d ,  and a l l o w e d  
t o  b u r n  t o  c o m p l e t i o n .  V a r i o u s  shapes o f  f u e l  c o u l d  be used as i n d i c a t e d  
below:  
( 1 )  L i q u i d  d r o p  
( 2 )  S o l i d  sphere 
(3) A r r a y  o f  l i q u i d  d rops  
( 4 )  A r r a y  o f  s o l i d  spheres 
( 5 )  L i q u i d  c y l i n d e r  ( w e t t e d  s u r f a c e )  
(6) S o l i d  c y l i n d e r  
( 7 )  F l a t  l i q u i d  ( w e t t e d  s u r f a c e )  
( 8 )  F l a t  or r e c t a n g u l a r  s o l i d  
W i t h  each o f  t h e s e  shapes a u n i q u e  symmetry f e a t u r e  i s  b e i n g  used t o  r e p -  
r e s e n t  an i d e a l  system t h a t  can be modeled. The main o b j e c t i v e  f o r  programs 
i n  t h i s  e x p e r i m e n t  c l a s s  i s  t o  compare t h e  r e s u l t s  t o  t h e o r e t i c a l  models for  
t h e  purpose o f  u n d e r s t a n d i n g  t h e  combust ion  phenomena and p r o v i d i n g  a v a l i -  
da ted  model t h a t  can be used i n  o t h e r  a p p l i c a t i o n s .  A secondary o b j e c t i v e  i s  
t o  observe  new phenomena t h a t  have n o t  been seen b e f o r e  a n d / o r  have n o t  been 
e x p l a i n e d  or p r e d i c t e d  by  t h e o r y .  
I n v e s t i g a t o r s  a r e  i n t e r e s t e d  i n  t h i s  t y p e  o f  e x p e r i m e n t  as i t  o f f e r s  t h e  
o p p o r t u n i t y  t o  o b t a i n  d a t a  i n  a system t h a t  matches t h e o r e t i c a l  models t h a t  
must i n c l u d e  symmetry.  W i t h  no f l ow  i n  t h e  s y s t e m  a l l  c o n v e c t i v e  f o r c e s  d i s a p -  
pear  and t h e  combust ion  p r o c e s s  i s  s t r e t c h e d  o v e r  a g r e a t e r  d i s t a n c e ,  wh ich  
p e r m i t s  measurements o f  t h e  most i n t r i c a t e  p a r t s  of t h e  combust ion  phenomena. 
M i c r o g r a v i t y  combust ion e x p e r i m e n t s  have been conducted  w i t h  t h i s  t y p e  o f  appa- 
r a t u s  and a r e  p r o v i d i n g  a b e t t e r  u n d e r s t a n d i n g  of t h e  combust ion  phenomena. 
The i n v e s t i g a t o r s  c o n t a c t e d  a l l  agreed t h a t  more e x t e n s i v e  t e s t i n g  i s  needed 
t o  f u l l y  r e a l i z e  t h e  b e n e f i t s  o f  m i c r o g r a v i t y  and t h a t  Space S t a t i o n  i s  t h e  
i d e a l  p l a c e  t o  do t h i s  t e s t i n g .  
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A t y p i c a l  program would i n v o l v e  t e s t i n g  o v e r  a range o f  c o n d i t i o n s  ( s i z e  
o f  f u e l ,  f u e l  p r o p e r t i e s ,  atmospheres s u r r o u n d i n g  t h e  f u e l ,  and i n i t i a l  cond i -  
t i o n s ) .  Each t e s t  would i n v o l v e  i g n i t i n g  t h e  f u e l  and then  o b s e r v i n g  t h e  com- 
b u s t i o n  phenomena t o  d e t e r m i n e  t e m p e r a t u r e  and c o m p o s i t i o n  p r o f i l e s  i n  t h e  
combust ion zone as a f u n c t i o n  o f  t i m e .  V i s u a l  o b s e r v a t i o n s  would be made to  
d e s c r i b e  t h e  f l ame shape and speed a t  d i f f e r e n t  t i m e s .  
Sketches of p o s s i b l e  e x p e r i m e n t a l  ar rangements f o r  s p h e r i c a l  d rops  or p a r -  
t i c l e s  and c y l i n d r i c a l  or f l a t  f u e l  samples a r e  shown i n  f i g u r e s  l ( a >  and ( b ) ,  
r e s p e c t i v e l y .  The s p h e r i c a l  s y s t e m  would n o r m a l l y  be a cube w i t h  t h e  f u e l  con- 
c e n t r a t e d  around t h e  c e n t e r  o f  t h e  cube t o  a v o i d  any w a l l  e f f e c t s .  W i th  c y l i n -  
de rs  or f l a t  f u e l  samples t h e  system would be r e c t a n g u l a r  t o  a l l o w  f o r  a 
g r e a t e r  l e n g t h  o f  t h e  b u r n i n g  sample i n  one d i r e c t i o n .  To observe  t h e  f l a m e  
phenomena and f l ame shape, windows a r e  l o c a t e d  on a l l  s i x  s i d e s  o f  t h e  e q u i p -  
ment.  Each e x p e r i m e n t  would have un ique  f e a t u r e s  i n v o l v i n g  t h e  i n t r o d u c t i o n  
o f  t h e  f u e l  samples.  I g n i t i o n  c o u l d  be by a p o i n t  i g n i t e r  as shown or o t h e r  
means t o  p r o v i d e  d a t a  on i g n i t i o n  r e q u i r e m e n t s .  
I V . l a  Requi rements for  no f low e x p e r i m e n t s  w i t h  s o l i d s  and l i q u i d s .  - The 
appara tus  f o r  s p h e r i c a l  d rops  or p a r t i c l e s  shown i n  f i g u r e  l ( a >  has l ower  
r e q u i r e m e n t s  than  needed for c y l i n d r i c a l  or f l a t  samples ( f i g .  l ( b ) > .  There- 
fore o n l y  t h e  r e q u i r e m e n t s  for t h e  c y l i n d r i c a l  or f l a t  s a m p l e s  a r e  g i v e n  h e r e .  
Phys i c a l  s i ze 
Frequency o f  use 
Maximum t e s t  d u r a t i o n  
Minimum t e s t  d u r a t i o n  
Average t e s t  d u r a t i o n  
T e s t  s e r i e s  d u r a t i o n  
Mass e x p e r i m e n t a l  a p p a r a t u s  






Thermal l o a d  
Energy,  combust ion 
50 by  2 5  by 25 crn 
60 t e s t s  i n  a program 
3 t o  4 s e r i e s  o f  t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
1 5  min  
5 sec 
1 m in  
5 h r  
50 k g  
lo 10 m k9 a t  s t d  cond 
1 kg  
1000 m3 
1 kW 
0 .1  kW 
0 . 1  kWh 
0 . 1  kW 
0 .1  kWh 
t i o n s  
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IV.2 Homogeneous M i x t u r e s  o f  Fue l  and A i r  
Exper iments i n  t h i s  c a t e g o r y  i n v o l v e  u s i n g  homogeneous m i x t u r e s  o f  s o l i d  
or l i q u i d  p a r t i c l e s  i n  a gaseous atmosphere ( a e r o s o l s  and d u s t  c l o u d s )  or  a 
m i x t u r e  o f  gases. T r u l y  homogeneous m i x t u r e s  can o n l y  be o b t a i n e d  i n  m i c r o -  
g r a v i t y  s i n c e  s o l i d  and l i q u i d  p a r t i c l e s  do n o t  s e t t l e  ( t h e  m a j o r  p r o b l e m  i n  
c o n d u c t i n g  t h e s e  exper iments  i n  a g r a v i t a t i o n a l  f i e l d ) .  E l i m i n a t i o n  o f  convec- 
t i v e  f lows produces t h e  i d e a l  f lame t h a t  i s  modeled b y  v a r i o u s  t h e o r i e s .  The 
t i m e  e lement  between p r e p a r i n g  t h e  m i x t u r e  and c o n d u c t i n g  t h e  t e s t s  i s  g r e a t l y  
enhanced, wh ich  a l l o w s  one t o  make d e t a i l e d  measurements o f  t h e  m i x t u r e  b e f o r e  
t h e  f l a m e  i s  i n i t i a t e d .  
The approach used i n  t h e s e  exper iments  i s  to  p r e p a r e  t h e  m i x t u r e  t o  a 
p r e d e s c r i b e d  (or measured) s e t  o f  c o n d i t i o n s .  An i g n i t i o n  source  i s  used t o  
s t a r t  t h e  process .  S i n c e  t h e  f lame c h a r a c t e r i s t i c s  a r e  v e r y  dependent o n  t h e  
i g n i t i o n  system, f i r e  s a f e t y  p e o p l e  a r e  i n t e r e s t e d  i n  v a r y i n g  t h e  i g n i t i o n  t o  
d e t e r m i n e  what i s  r e q u i r e d  t o  s t a r t  d i f f e r e n t  t y p e s  o f  f i r e s .  A f t e r  i g n i t i o n  
a f lame or d e t o n a t i o n  wave t r a v e l s  t h r o u g h  t h e  c o m b u s t i b l e  medium. The move- 
ment o f  t h e  f l a m e  or d e t o n a t i o n  f r o n t  i s  observed w i t h  t i m e  a l o n g  w i t h  t h e  
s p a t i a l  c h a r a c t e r i s t i c s  as d e t e r m i n e d  by  t e m p e r a t u r e ,  p r e s s u r e ,  and c o n c e n t r a -  
t i o n s .  These a r e  n o r m a l l y  made w i t h  n o n p e r t u r b i n g  measur ing  t e c h n i q u e s .  Some 
e x p e r i m e n t s  do use thermocoup les  a n d / o r  gas sampl ing .  The f l a m e  c h a r a c t e r i s -  
t i c s  a r e  de termined o v e r  a range o f  c o n d i t i o n s  ( f u e l  t y p e ,  s i z e ,  a t m o s p h e r i c  
c o m p o s i t i o n ,  q u a n t i t y  o f  f u e l ,  and i n i t i a l  t e m p e r a t u r e ) .  
A s k e t c h  o f  a p o s s i b l e  a p p a r a t u s  t o  conduct  t h e s e  e x p e r i m e n t s  i s  shown i n  
f i g u r e  2 .  A l o n g  l e n g t h  t o  d i a m e t e r  t u b e  i s  u s u a l l y  used for  t h e s e  e x p e r i -  
ments,  w i t h  i g n i t i o n  o c c u r r i n g  a t  one end. D i f f e r e n t  e x p e r i m e n t e r s  w i l l  p r e -  
f e r  d i f f e r e n t  l e n g t h s  and d i a m e t e r s ,  b u t  a meter  c y l i n d e r  w i l l  meet t h e  needs 
o f  most i n v e s t i g a t o r s .  Windows a r e  l o c a t e d  around t h e  c y l i n d e r  t o  v e r i f y  t h a t  
i t  i s  s y m m e t r i c a l .  The m a j o r  measurements a r e  a l o n g  t h e  c y l i n d e r .  A m i x i n g  
or s t i r r i n g  mechanism i s  used t o  o b t a i n  t h e  d e s i r e d  homogenei ty  o f  t h e  m i x t u r e  
b e f o r e  t h e  t e s t s  a r e  conducted  and t h e n  removed. 
I V . 2 a  Requirements f o r  homogeneous m i x t u r e  e x p e r i m e n t a l  a p p a r a t u s .  - The 
s p e c i f i c  r e q u i r e m e n t s  for t h e  e x p e r i m e n t a l  a p p a r a t u s  shown i s  f i g u r e  2 a r e :  
P h y s i c a l  s i z e  100 by  10 cm d i a m e t e r  
Frequency o f  use 60 t e s t s  i n  a p rogram 
3 t o  4 s e r i e s  of t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
Maximum t e s t  d u r a t i o n  15 sec 
Minimum t e s t  d u r a t i o n  0.001 sec 
Average t e s t  d u r a t i o n  1 sec 
T e s t  s e r i e s  d u r a t i o n  5 h r  
15 
Mass e x p e r i m e n t a l  a p p a r a t u s  50 k g  






2 m k3 a t  s t d  c o n d i t i o n s  





Thermal l o a d  0.1 kW 
Energy, combust ion  0.2 kWh 
I V . 3  Low F low System w i t h  S o l i d  or L i q u i d  Fuel  
M i c r o g r a v i t y  e x p e r i m e n t e r s  a r e  i n t e r e s t e d  i n  c o n d u c t i n g  t e s t s  i n  a low 
f low env i ronment  t o  o b t a i n  a known v e l o c i t y  p r o f i l e  around t h e  f u e l  and t h e r e b y  
s i m u l a t e  c o n d i t i o n s  under  wh ich  most f u e l s  b u r n  ( w i t h  a c o n v e c t i v e  or f o r c e d  
f low f i e l d ) .  The same f u e l s  and shapes i n d i c a t e d  f o r  t h e  n o - f l o w  e x p e r i m e n t  
a p p l y  t o  t h i s  e x p e r i m e n t .  The main  o b j e c t i v e  f o r  t h e  e x p e r i m e n t a l  programs i s  
t o  compare t h e  r e s u l t s  w i t h  t h e o r e t i c a l  models t h a t  have t h e  same boundary  con- 
d i t i o n s  as used i n  t h e  e x p e r i m e n t  and w i t h  t e s t  c o n d i t i o n s  t h a t  match t h e  
assumpt ions used i n  t h e  model .  N e w  and unusual  phenomena t h a t  have n o t  been 
observed p r e v i o u s l y  or p r e d i c t e d  by  t h e o r y  c o u l d  a l s o  be i n v e s t i g a t e d  w i t h  
t h i s  c l a s s  o f  e x p e r i m e n t .  
A t y p i c a l  program would i n v o l v e  t e s t i n g  o v e r  a range o f  f low c o n d i t i o n s  
w i t h  d i f f e r e n t  g e o m e t r i c a l  s i z e s  o f  f u e l ,  f u e l  p r o p e r t i e s ,  and f low composi-  
t i o n .  Each t e s t  would i n v o l v e  p l a c i n g  t h e  f u e l  sample i n  t h e  t e s t  chamber, 
e s t a b l i s h i n g  f low c o n d i t i o n s ,  and t h e n  i g n i t i n g  t h e  f u e l .  Data  would be t a k e n  
as t h e  f l a m e  e s t a b l i s h e s  a s t e a d y  s t a t e  c o n d i t i o n .  I f  s u f f i c i e n t  f u e l  i s  
a v a i l a b l e  t h e  f low f i e l d  c o u l d  be changed d u r i n g  t h e  t e s t  sequence. M a j o r  
measurements a r e  t e m p e r a t u r e  and c o m p o s i t i o n  w i t h i n  t h e  f l a m e  and o b s e r v a t i o n s  
o f  t h e  f l a m e  t o  d e t e r m i n e  shape and b u r n i n g  r a t e s .  Some thermocoup le  measure- 
ments c o u l d  be made i n  t h e  f u e l  sample, f l a m e  zone, and f low f i e l d .  Some 
i n v e s t i g a t o r s  would want t o  remove  gas samples from s t r a t e g i c  l o c a t i o n s  i n  t h e  
f l a m e .  
Sketches o f  p o s s i b l e  e x p e r i m e n t a l  ar rangements f o r  s p h e r i c a l  d rops  or p a r -  
t i c l e s  and c y l i n d r i c a l  or f l a t  f u e l  specimens a r e  shown i n  f i g u r e s  3 ( a )  and 
( b ) ,  r e s p e c t i v e l y .  The s p h e r i c a l  d r o p l e t  system c o u l d  be s m a l l  i n  cross s e c -  
t i o n  because t h e  drops and p a r t i c l e s  do n o t  occupy much space. S u f f i c i e n t  
l e n g t h  must be a l l o w e d  t o  comple te  t h e  b u r n i n g  p r o c e s s  and a l l o w  t h e  f l ow  t o  
s t a b i l i z e  b e f o r e  r e a c h i n g  t h e  f u e l .  To observe  t h e  f l a m e  phenomena and shape 
o f  t h e  f l a m e ,  windows a r e  l o c a t e d  on t h e  f o u r  w a l l s  f o r  t h e  e n t i r e  s t r a i g h t  
p o r t i o n  o f  t h e  t e s t  s e c t i o n .  H e a t i n g  e lements a r e  l o c a t e d  i n  t h e  c o r n e r s  o f  
t h e  r e c t a n g u l a r  t e s t  s e c t i o n  t o  p r o v i d e  r a d i a n t  h e a t i n g  o f  t h e  f u e l  i f  r e q u i r e d  
t o  s i m u l a t e  a l a r g e  f lame.  
Many o f  t h e  t e s t s  w i t h  s o l i d  samples o f  r e a s o n a b l e  s i z e  would r e q u i r e  min- 
u t e s  t o  conduct .  T h e r e f o r e  i t  would be i m p o s s i b l e  t o  conduct  t h e s e  t e s t s  i n  
16 
d r o p  towers  or  o n  a i r p l a n e s .  T h e r e f o r e  t h i s  i s  a c l a s s  o f  t e s t i n g  t h a t  needs 
t h e  c a p a b i l i t i e s  o f  Space S t a t i o n  t o  conduct .  S i n c e  most combust ion  a p p l i c a -  
t i o n s  i n v o l v e  f low, t h e  low f low exper iment  i s  a b e t t e r  r e p r e s e n t a t i o n  o f  
a c t u a l  combust ion phenomena and o f  most i n t e r e s t  t o  commerc ia l  o r g a n i z a t i o n s .  
T h i s  e x p e r i m e n t a l  system i s  o f  t h e  most i n t e r e s t  t o  o r g a n i z a t i o n s  and i n d i v i d u -  
a l s  c o n t a c t e d  i n  t h i s  s t u d y .  
I V . 3 a  Requi rements f o r  low f low w i t h  s o l i d  and l i q u i d  f u e l  e x p e r i m e n t s .  - 
For t h e  two d i f f e r e n t  p i e c e s  of a p p a r a t u s  shown i n  f i g u r e s  3 ( a >  and ( b )  t h e  
a p p a r a t u s  f o r  t e s t i n g  two-d imensional  f u e l  samples has h i g h e r  r e q u i r e m e n t s  
t h a n  t h e  appara tus  for t e s t i n q  drops  or p a r t i c l e s .  T h e r e f o r e ,  o n l y  t h e  
r e q u i r e m e n t s  fo r  t h e  two-d imensional  
P h y s i c a l  s i z e  
Frequency of use 
Maximum t e s t  d u r a t i o n  
Minimum t e s t  d u r a t i o n  
Average t e s t  d u r a t i o n  
T e s t  s e r i e s  d u r a t i o n  
Mass e x p e r i m e n t a l  appara tus  






Thermal l o a d  
Energy, combust ion 
f u e l  sample e x p e r i m e n t s  a r e  g j v e n  h e r e :  
100 by  25 by  25 cm 
60 t e s t s  i n  a p rogram 
3 t o  4 s e r i e s  o f  t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
15 min  
5 sec 
1 min  
5 h r  
50 k g  
100 kcj 
100 m a t  s t d  c o n d i t i o n s  
10 k g  






I V . 4  Low flow System w i t h  Gaseous F u e l s  
Low f low m i c r o g r a v i t y  exper iments  w i t h  gaseous f u e l  a r e  conducted  t o  
i n v e s t i g a t e  combust ion phenomena i n  t h e  f o l l o w i n g  c o n f i g u r a t i o n s :  
( 1 )  Bunsen d i f f u s i o n  f l a m e  
( 2 )  Premixed f l a t  f l a m e  
(3) Opposed j e t  d i f f u s i o n  f l a m e  
( 4 )  C y l i n d r i c a l  d i f f u s i o n  f l a m e  
A l l  c o n f i g u r a t i o n s  r e q u i r e  a modest f low o f  a i r  (or  o x i d i z i n g  e n v i r o n -  
ment)  and gaseous f u e l .  The a i r  and f u e l  a r e  e i t h e r  mixed t o  s t u d y  premixed 
f l a m e  phenomena or i n t r o d u c e d  s e p a r a t e l y  t o  s t u d y  d i f f u s i o n  f l a m e s .  These 
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f l a m e  c o n f i g u r a t i o n s  a r e  v e r y  good r e p r e s e n t a t i o n s  o f  many commercial  combus- 
t i o n  systems.  M i c r o g r a v i t y  combust ion exper iments  e l i m i n a t e  t h e  secondary con- 
v e c t i v e  f low which  d i s t o r t s  t h e  f lame a n d / o r  p roduce quench ing  e f f e c t s  t h a t  
a r e  d i f f i c u l t  t o  model t h e o r e t i c a l l y .  
Programs g e n e r a l l y  r e q u i r e  t e s t i n g  o v e r  a range o f  a i r  and f u e l  f lows, 
b u r n e r  s i z e ,  and f u e l  p r o p e r t i e s .  A g i v e n  t e s t  i n v o l v e s  s t a r t i n g  t h e  a i r  and 
f u e l ,  f o l l o w e d  b y  an i g n i t i o n .  The f l a m e  i s  a l l o w e d  t o  s t a b i l i z e  and measure- 
ments o f  t e m p e r a t u r e ,  c o m p o s i t i o n ,  and f l a m e  shape a r e  made w i t h  n o n p e r t u r b i n g  
measur ing  d e v i c e s .  O c c a s i o n a l l y  thermocouples a r e  used and gas samples a r e  
f r e q u e n t l y  t a k e n  i n  t h e  exhaust  p r o d u c t s  t o  d e t e r m i n e  c o n c e n t r a t i o n s  o f  i n t e r -  
m e d i a t e  or b y p r o d u c t  s p e c i e s .  Flow r a t e s  a r e  changed t o  a new c o n d i t i o n  and 
t h e  p r o c e s s  i s  r e p e a t e d .  U s u a l l y  t h e  t e s t  i s  c o n t i n u e d  u n t i l  a b low o u t  
( f l a m e  e x t i n g u i s h m e n t )  p o i n t  i s  d e t e r m i n e d .  
A s k e t c h  of p o s s i b l e  a p p a r a t u s  used w i t h  t h e  bunsen or premixed b u r n e r  
e x p e r i m e n t  i s  shown i n  f i g u r e  4 ( a ) .  Windows a r e  l o c a t e d  around t h e  f l a m e  t o  
p e r m i t  v i e w i n g  and measur ing  from f o u r  s i d e s .  Apparatuses fo r  t h e  opposed j e t  
d i f f u s i o n  f l a m e  and c y l i n d r i c a l  d i f f u s i o n  f l a m e  a r e  i l l u s t r a t e d  i n  f i g u r e s  4 ( b >  
and ( c ) .  These systems c o n s i s t  o f  c y l i n d r i c a l  r e a c t o r s  w i t h  t h e  f u e l  e n t e r i n g  
i n t o  t h e  c e n t e r  o f  t h e  c y l i n d e r .  A i r  e n t e r s  from t h e  c e n t e r  or o u t e r  d i a m e t e r .  
Exhaust  p r o d u c t s  f low o u t  o f  t h e  a p p a r a t u s  from t h e  o u t s i d e  d i a m e t e r .  Windows 
a r e  l o c a t e d  on  b o t h  ends o f  t h e  c y l i n d e r  t o  p e r m i t  m e a s u r i n g  and v i e w i n g  o f  
t h e  f l a m e  p r o f i l e .  These two b u r n e r s  p r o v i d e  t h e  i d e a l  c y l i n d r i c a l  symmetry 
d e s i r e d  i n  m o d e l i n g  f l a m e s  and t h e y  s t r e t c h  t h e  combust ion  p r o c e s s  t o  f a c i l i -  
t a t e  d e t a i l e d  measurements r e q u i r e d  w i t h i n  t h e  f l a m e .  
A t y p i c a l  t e s t  program would i n v o l v e  s e t t i n g  up t h e  b u r n e r  and a d j u s t i n g  
t h e  f l o w - b u r n e r  system t o  o b t a i n  t h e  d e s i r e d  f l a m e  c o n d i t i o n s .  
b u r n e r  i s  a d j u s t e d  t h e  t e s t  s e r i e s  i n v o l v i n g  a i r  and f u e l  f low i s  conducted  
w i t h  d i f f e r e n t  f u e l s ,  b u r n e r  s i z e ,  or f low c o n d i t i o n s  ( i . e . ,  t u r b u l e n c e  l e v -  
e l s ) .  Measurements i n v o l v e  t e m p e r a t u r e  and c o m p o s i t i o n  surveys  i n  t h e  f lame,  
f l a m e  shape, and f low c o n d i t i o n s  a t  wh ich  t h e  f l a m e  e x t i n g u i s h e s .  Whi le  t h e  
a c t u a l  t i m e  t o  make measurements a t  one s e r i e s  o f  f low c o n d i t i o n s  i s  seconds 
t h e  d u r a t i o n  o f  a normal e x p e r i m e n t ,  i n v o l v i n g  s e t u p  and c h a n g i n g  f low c o n d i -  
t i o n s ,  may be an h o u r .  W i t h  d r o p  towers  or a i r c r a f t  f l i g h t s ,  i t  i s  i m p o s s i b l e  
t o  a d j u s t  t h e  f l a m e  a t  t h e  b e g i n n i n g  o f  t h e  t e s t  and o b t a i n  a s e r i e s  o f  t e s t s  
a t  d i f f e r e n t  f low c o n d i t i o n s  w i t h o u t  i n t e r r u p t i n g  t h e  e x p e r i m e n t .  These a r e  
i m p o r t a n t  c o n s i d e r a t i o n s  t h a t  can e a s i l y  be a c h i e v e d  i n  Space S t a t i o n .  
A f t e r  t h e  
I V . 4 a  Requi rements f o r  low flow w i t h  gaseous f u e l  e x p e r i m e n t s .  - O f  t h e  
d i f f e r e n t  p i e c e s  o f  a p p a r a t u s  t o  t e s t  two-d imensional  d i f f u s i o n  b u r n e r s ,  
opposed j e t  b u r n e r ,  and c y l i n d r i c a l  d i f f u s i o n  b u r n e r  shown i n  f i g u r e s  4 ( a >  t o  
( c )  t h e  two-d imensional  d i f f u s i o n  b u r n e r  system has t h e  h i g h e s t  r e q u i r e m e n t s ;  
only i t  w i l l  be d e s c r i b e d  h e r e .  
P h y s i c a l  s i z e  50 b y  15 by  15 cm 
Frequency o f  use 60 t e s t s  i n  a program 
3 t o  4 s e r i e s  o f  t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
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Maximum t e s t  d u r a t i o n  
Minimum t e s t  d u r a t i o n  
Average t e s t  d u r a t i o n  
T e s t  s e r i e s  d u r a t i o n  
Mass e x p e r i m e n t a l  appara tus  






Thermal l o a d  
Energy 
Many combust 
10 atm) and hence 
S t a t i o n  t h e r e f o r e  
5 min 
5 sec 
1 m in  
2 h r  
50 k g  
loo 100 m k!l a t  s t d  c o n d i t i o n s  





comb u s t i  on 1 kWh 
I V . 5  H i g h  P r e s s u r e  Combust ion Systems 
on systems o p e r a t e  a t  h i g h  p r e s s u r e s  ( g r e a t e r  t h a n  1 MPa or 
a r e  d i f f i c u l t  t o  model and s i m u l a t e  a t  low p r e s s u r e s .  Space 
may o f f e r  t h e  o p p o r t u n i t y  to  i n v e s t i g a t e  these s y s t e m s  
t h r o u g h  t h e  s i m p l i f i c a t i o n  o f  t h e  n o n - c o n v e c t i v e  e n v i r o n m e n t .  
Exper iments  t o  i n v e s t i g a t e  h i g h  p r e s s u r e  phenomena i n  combust ion  a r e  v e r y  
s p e c i f i c  i n  t h e  t e c h n i q u e s  used t o  c r e a t e  t h e  h i g h  p r e s s u r e .  These i n v e s t i g a -  
t i o n s  g e n e r a l l y  i n v o l v e  h i g h  tempera tures  and p r e s s u r e s  wh ich  make t h e  d e s i g n  
o f  equipment  v e r y  d i f f i c u l t .  G e n e r a l l y  t h e  e x p e r i m e n t  i n v o l v e s  t h e  t r a n s i e n t  
b e h a v i o r  o f  t h e  combust ion  process  as i t  moves from i g n i t i o n  t o  s t e a d y  s t a t e ,  
wh ich  means t h e  t i m e  p e r i o d  t o  conduct  t h e  e x p e r i m e n t  i s  v e r y  s h o r t .  These 
i n v e s t i g a t i o n s  r e q u i r e  u s i n g  i n g e n i o u s  t e c h n i q u e s  t o  a c h i e v e  t h e  d e s i r e d  com- 
b u s t i o n  c o n d i t i o n s ,  methods which c e r t a i n l y  w i l l  be improved i n  t h e  n e x t  10 t o  
20 y e a r s .  
The m a j o r  p r o b l e m  w i t h  d o i n g  m i c r o g r a v i t y  combust ion  e x p e r i m e n t s  a t  h i g h  
p r e s s u r e  i s  t h e  s a f e t y  c o n s i d e r a t i o n s  i n v o l v e d  w i t h  h i g h  p r e s s u r e  phenomena. 
The s p e c i a l  equipment  b u i l t  f o r  these exper iments  i s  des igned to  accommodate 
t h e  h i g h e s t  p o s s i b l e  p r e s s u r e .  An e n c l o s u r e  s u r r o u n d i n g  t h e  s p e c i a l  t e s t  appa- 
r a t u s  w i l l  a l s o  be used t o  p r e v e n t  any l e a k s  from e n t e r i n g  t h e  Space S t a t i o n  
e n v i r o n m e n t .  
I V . 5 a  Requi rements for  h i g h  p r e s s u r e  combust ion  e x p e r i m e n t s .  - A s  
d e s c r i b e d  t h e r e  w i l l  be s p e c i a l  p i e c e s  o f  equipment  t h a t  w i l l  be d e s i g n e d  for 
a c c o m p l i s h i n g  t h e  s p e c i f i c  o b j e c t i v e s  o f  t h e  program. 
p r e s s u r e  e x p e r i m e n t s  t h a t  have been conducted and a knowledge o f  those t h a t  
m i g h t  be proposed,  t h e  f o l l o w i n g  i s  a l i s t  o f  r e q u i r e m e n t s  t h a t  s h o u l d  cover  
t h e  m a j o r i t y  o f  e x p e r i m e n t s  t h a t  m i g h t  be proposed i n  t h i s  a r e a .  
Based on o t h e r  h i g h  
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P h y s i c a l  s i z e  7 5  b y  50 b y  50 c m  
Frequency of use 30 t e s t s  i n  a program 
2 t o  3 s e r i e s  of t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
Maximum t e s t  d u r a t i o n  10 sec 
Minimum t e s t  d u r a t i o n  0.1 sec 
Average t e s t  d u r a t i o n  1 sec 
T e s t  s e r i e s  d u r a t i o n  4 h r  
Mass e x p e r i m e n t a l  a p p a r a t u s  100 kg 






1 m k! a t  s t d  c o n d i t i o n s  
0.1 k g  




Thermal l o a d  1 kW 
Energy, combust ion  0.01 kWh 
I V . 6  S p e c i a l  Combust ion Systems 
I n  any r e s e a r c h  program as b r o a d  as combust ion ,  i n v e s t i g a t o r s  w i l l  a lways 
want s p e c i a l  systems t h a t  a r e  u n i q u e  t o  t h a t  i n v e s t i g a t i o n .  I n  t h i s  s u r v e y  
t h r e e  such systems were i d e n t i f i e d :  
( 1 )  F i r e  s a f e t y  m o d e l i n g  o f  space s t a t i o n  
( 2 )  S t a n d a r d  d u s t  e x p l o s i o n  t e s t e r  
(3) F l u i d i z e d  bed e x p e r i m e n t s  
Each o f  t h e s e  w i l l  be d e f i n e d  s e p a r a t e l y  t o  i n d i c a t e  t h e  t y p e s  o f  r e q u i r e m e n t s  
t h a t  would be needed i n  Space S t a t i o n .  
I V . 6 a  F i r e  s a f e t y  m o d e l i n g  of Space S t a t i o n .  - M o d e l i n g  o f  Space S t a t i o n  
t o  d e t e r m i n e  f i r e - s a f e t y  r e q u i r e m e n t s  e v o l v e s  from t h e  use o f  models f o r  
n o r m a l - g r a v i t y  f i r e s  t o  p r e d i c t  how f i r e s  would i g n i t e  and spread i n  r e a l  con- 
d i t i o n s .  S tandards  and f i r e - c o n t r o l  o r g a n i z a t i o n s  have deve loped s t a n d a r d  
methods f o r  c o n d u c t i n g  t h e s e  t e s t s  a t  1/10 s c a l e .  W i t h  t h e  use o f  computer 
models i t  i s  t h e n  p o s s i b l e  t o  p r e d i c t  t h e  f i r e  c h a r a c t e r i s t i c s  and s a f e t y  
r e q u i r e m e n t s  f o r  a c t u a l  f i r e s .  
f i e d  f o r  n o r m a l - g r a v i t y  f i r e s .  
t e r s  ( c o n v e c t i o n  te rms)  a r e  a b s e n t ,  and i t  i s  d i f f i c u l t  t o  e x t r a p o l a t e  t h e  
d a t a  a n d / o r  computer model a n a l y s e s  t o  t h i s  e n v i r o n m e n t .  
These t e c h n i q u e s  have been deve loped and v e r i -  
I n  m i c r o g r a v i t y  most o f  t h e  c o n t r o l l i n g  parame- 
The f i r e - s a f e t y  g r o u p  i s  v e r y  i n t e r e s t e d  i n  c o n d u c t i n g  e x p e r i m e n t s  i n  a 
1/10 s c a l e  model o f  Space S t a t i o n  t o  d e t e r m i n e  a n d / o r  v e r i f y  t h e  f i r e  s a f e t y  
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a s p e c t s  of f i r e s  i n  space. A r e p r e s e n t a t i o n  of such a model i s  shown i n  f i g -  
u r e  5 .  S c a l i n g  a t y p i c a l  module of Space S t a t i o n  i s  accompl ished by u s i n g  a 
box w i t h  s h o r t  s e c t i o n s  of t h e  c o n n e c t i n g  l i n k s  between modules.  A t y p i c a l  
t e s t  i n c l u d e s  s i m u l a t i n g  whatever  f low would be e x p e c t e d  i n  t h e  module due t o  
movement of t h e  a s t r o n a u t s  and v e n t i l a t i o n .  M o d e l i n g  would i n c l u d e  t h e  
i n f l u e n c e  o f  equipment  i n  Space S t a t i o n  as i n d i c a t e d  by t h e  c o n t r o l  pane l  i n  
f i g u r e  5. The spread o f  t y p i c a l  f i r e s  would be observed t h r o u g h  windows. Tem- 
p e r a t u r e s  a r e  measured t h r o u g h o u t  t h e  module ( i n c l u d i n g  s u r f a c e s )  by thermocou- 
p l e s  or n o n p e r t u r b i n g  measur ing  d e v i c e s ,  v e l o c i t i e s  a r e  measured by probes or 
n o n p e r t u r b i n g  measurements, and gas samples a r e  t a k e n  a t  v a r i o u s  p o s i t i o n s  t o  
d e t e r m i n e  t h e  c o m p o s i t i o n  o f  t h e  combust ion  p r o d u c t s .  
Tes ts  a r e  per fo rmed u s i n g  v a r i o u s  t y p e s  o f  i g n i t i o n  systems,  i n i t i a l  burn-  
a b l e  m a t e r i a l ,  shape o f  t h e  module,  and i n i t i a l  e n v i r o n m e n t a l  c o n d i t i o n s .  The 
d a t a  a r e  a n a l y z e d  w i t h  t h e  use o f  computer models and c o n d i t i o n s  t h a t  c o u l d  be 
more severe f i r e  hazard  c o n d i t i o n s  a r e  p r e d i c t e d .  These more severe  c o n d i t i o n s  
a r e  t h e n  r e t e s t e d  and compared t o  t h e  p r e d i c t e d  r e s u l t s .  The computer model l 
M o d e l i n g  t e s t s  of f i r e  s a f e t y  i n  Space S t a t i o n  can b e s t  be accompl ished 
i n  Space S t a t i o n .  Because o f  t h e  s i z e  r e q u i r e m e n t s  and t e s t  t i m e s  t h e  e x p e r i -  
ments cannot  be conducted i n  d r o p  towers ,  d r o p  t u b e s ,  or a i r p l a n e s .  Space 
S h u t t l e  c o u l d  be used f o r  an i n d i v i d u a l  t e s t ,  b u t  i t  would be v e r y  cos t ly  t o  
o b t a i n  t h e  s e r i e s  o f  t e s t s  r e q u i r e d  t o  v a l i d a t e  t h e  models .  T e s t s  u s i n g  sound- 
i n g  r o c k e t s  c o u l d  be used t o  o b t a i n  d a t a  f o r  f i r e s  t h a t  spread r a p i d l y  (min-  
u t e s ) ,  b u t  i t  would be i m p o s s i b l e  t o  o b t a i n  t h e  slow b u r n i n g ,  s m o l d e r i n g  f i r e  
d a t a  t h a t  i s  most needed fo r  space a p p l i c a t i o n s .  
I V . 6 b  Requirements f o r  f i r e - s a f e t y  m o d e l i n g  o f  Space S t a t i o n .  - The 
r e q u i r e m e n t s  for t h e  a p p a r a t u s  t o  p e r f o r m  f i r e - s a f e t y  m o d e l i n g  e x p e r i m e n t s  o f  
Space S t a t i o n  a r e  n o t  w e l l  d e f i n e d .  From d i s c u s s i o n s  w i t h  t h e  mode lers  and a 
g e n e r a l  v i e w  o f  Space S t a t i o n  d imens ions  t h e  f o l l o w i n g  r e q u i r e m e n t s  based on  
t h e  model shown i n  f i g u r e  5 a r e  r e a s o n a b l e  e s t i m a t e s :  
P h y s i c a l  s i z e  90 by 50 by 30 cm 
Frequency o f  use 30 t e s t s  i n  a program 
2 t o  3 s e r i e s  o f  t e s t s  
Each s e r i e s  has 10 t o  20 t e s t s  
Maximum t e s t  d u r a t i o n  1 h r  
Minimum t e s t  d u r a t i o n  10 sec 
Average t e s t  d u r a t i o n  10 min  
T e s t  s e r i e s  d u r a t i o n  4 h r  
Mass e x p e r i m e n t a l  a p p a r a t u s  50 k g  
A i r  
Fuel  
100 k! 
100 m a t  s t d  c o n d i t i o n s  
1 k g  







0 .1  kW 
1 kWh 
Thermal l o a d  0.1 kW 
Energy, combust ion  1 kWh 
IV .6c  Standard  dust  e x p l o s i o n  t e s t e r .  - The t e r r e s t r i a l  f i r e  s a f e t y  g r o u p  
i s  v e r y  i n t e r e s t e d  i n  c o n d u c t i n g  t e s t s  i n  m i c r o g r a v i t y  u s i n g  t h e  " S t a n d a r d  D u s t  
E x p l o s i o n  T e s t e r . "  C u r r e n t l y  two d i f f e r e n t  d u s t  e x p l o s i o n  t e s t e r s  a r e  used b y  
t h e  i n d u s t r y  t o  d e t e r m i n e  e x p l o s i o n  hazards  and s a f e t y  r e q u i r e m e n t s  w i t h  d i f -  
f e r e n t  t y p e s  o f  d u s t s .  The two t e s t e r s  do n o t  g i v e  t h e  same r e s u l t s ,  and t h e  
i n d u s t r y  i s  w o r r i e d  t h a t  n e i t h e r  t e s t e r  i s  p r o v i d i n g  t h e  d a t a  r e q u i r e d  t o  i d e n -  
t i f y  t r u e  e x p l o s i o n  hazards  and s a f e t y  r e q u i r e m e n t s .  
The major  unknown i n  t h e s e  t e s t e r s  i s  t h e  c o m p o s i t i o n  o f  t h e  d u s t  m i x t u r e  
when t h e  e x p l o s i o n  i s  i n i t i a t e d .  I n  b o t h  u n i t s  a known q u a n t i t y  o f  s o l i d  mate- 
r i a l  ( d u s t )  i s  i n t r o d u c e d  i n t o  t h e  t e s t e r .  D i f f e r e n t  t e c h n i q u e s  a r e  used t o  
produce t h e  d u s t - a i r  m i x t u r e .  
produce t h e  m i x t u r e  be fore  s e t t l i n g  o c c u r s  i n  n o r m a l - g r a v i t y ,  i t  i s  i m p o s s i b l e  
t o  d e t e r m i n e  t h e  u n i f o r m i t y  o f  t h e  m i x t u r e  a n d / o r  c o m p o s i t i o n  o f  t h e  m i x t u r e .  
Both  o f  these parameters  i n f l u e n c e  t h e  e x p l o s i o n  h a z a r d  and s a f e t y  r e q u i r e -  
ments.  
Because o f  g r a v i t y  and t h e  l i m i t e d  t i m e  to  
Exper iments  w i t h  t h e  no  f l ow  homogeneous e x p e r i m e n t s  d e s c r i b e d  i n  S e c t i o n  
I V . 2  w i l l  be o f  g r e a t  v a l u e  t o  t h e  f i r e  s a f e t y  i n t e r e s t  g r o u p .  However, t h e  
i n d u s t r y  needs t o  c a l i b r a t e  t h e  s t a n d a r d  t e s t e r  i n  o r d e r  t o  c o r r e l a t e  t h e  f i n d -  
i n g s  w i t h  p r e v i o u s  t e c h n i q u e s  and e x p e r i e n c e .  On t h e  b a s i s  o f  t h e  m i c r o g r a v i t y  
t e s t  r e s u l t s ,  a new "Standard  T e s t e r "  c o u l d  be deve loped wh ich  t h e  i n d u s t r y  
would want to  v e r i f y  i n  m i c r o g r a v i t y .  
I V . 6 d  F l u i d i z e d  bed. - D u r i n g  t h e  s u r v e y  i t  was ment ioned t h a t  f l u i d i z e d  
bed t e s t i n g  m i g h t  be d e s i r e d  t o  h e l p  u n d e r s t a n d  f l u i d i z e d  bed phenomena o f  
i n t e r e s t  t o  t h e  power g roup.  I t  i s  c o n c e i v a b l e  t h a t  sometime i n  t h e  f u t u r e  
t h i s  g roup would be i n t e r e s t e d  i n  c o n d u c t i n g  such e x p e r i m e n t s  i n  Space S t a t i o n  
to  l o w e r  t h e  v e l o c i t y  r e q u i r e d  t o  f l u i d i z e  t h e  bed. T h i s  p e r m i t s  t e s t i n g  i n  a 
v e r y  d i f f e r e n t  Reynolds number range,  e t c . ,  and c o u l d  uncover  new phenomena 
t h a t  would enhance t h e  combust ion p r o c e s s  and p o s s i b l y  p e r m i t  t h e  development  
o f  a new t y p e  o f  b u r n e r .  A normal t e s t  would r e q u i r e  h o u r s  t o  come t o  e q u i l i b -  
r i u m  and observe  t h e  d i f f e r e n t  t r a n s i e n t  phenomena t h a t  o c c u r  w i t h  f l u i d i z e d  
beds. 
V .  DISCUSSION OF INDUSTRIAL I N T E R E S T S  AND EXPERIMENTS 
To d e t e r m i n e  t h e  f u t u r e  r e q u i r e m e n t s  f o r  c o n d u c t i n g  m i c r o g r a v i t y  combus- 
t i o n  exper iments  on  Space S t a t i o n ,  i t  i s  necessary  t o  u n d e r s t a n d  t h e  r e l a t i v e  
i n t e r e s t s  i n  t h e  v a r i o u s  t y p e s  of e x p e r i m e n t s .  Each e x p e r i m e n t  c a t e g o r y  i s  
n o t  l i m i t e d  t o  one i n t e r e s t  g roup,  and each i n t e r e s t  g roup c o u l d  be i n v o l v e d  
I w i t h  s e v e r a l  t y p e s  o f  e x p e r i m e n t s .  
Tab le  I shows t h e  r e l a t i v e  i n t e r e s t  i n  t h e  s i x  c a t e g o r i e s  o f  e x p e r i m e n t s :  
22 
No f low w i t h  s o l i d  and l i q u i d  f u e l s  
Homogeneous m i x t u r e s  o f  f u e l  and a i r  
Low flow w i t h  s o l i d  and l i q u i d  f u e l s  
Low flow w i t h  gaseous f u e l  
H igh  p r e s s u r e  combust ion  
Spec i a1 combust i on sys tems 
Tab le  I a l s o  shows t h e  r e l a t i v e  i n t e r e s t  f o r  each o f  t h e  i n t e r e s t  g r o u p s :  
( 1 )  F i r e  s a f e t y  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  
( 2 )  F i r e  s a f e t y  f o r  space a p p l i c a t i o n s  
( 3 )  P r o p u l s i o n  and power 
( 4 )  I n d u s t r i a l  b u r n e r s  
( 5 )  P o l l u t i o n  c o n t r o l  
An assessment o f  t h e  r e l a t i v e  i n t e r e s t  f o r  f u t u r e  development  has been 
g i v e n  t o  each e x p e r i m e n t  i n  t h e  Tab le  I m a t r i x  as fol lows: 
"H igh"  The i n t e r e s t  g roup i s  v e r y  i n v o l v e d  i n  t h e s e  e x p e r i m e n t s  and has a 
d e f i n i t e  need f o r  t e c h n o l o g y  d e r i v e d  from t h e s e  e x p e r i m e n t s .  
"Medium" I n t e r e s t  g roup shows a d e f i n i t e  i n t e r e s t  for  b e i n g  i n v o l v e d  i n  t h e s e  
e x p e r i m e n t s  and has an i n t e r e s t  i n  t e c h n o l o g y  d e r i v e d  from t h e s e  
e x p e r i m e n t s .  
It  Low" I n t e r e s t  g roup has a m i n o r  b u t  i d e n t i f i a b l e  i n t e r e s t  i n  t h e  e x p e r i -  
ments and has a g e n e r a l  i n t e r e s t  i n  t e c h n o l o g y  d e r i v e d  from t h e s e  
e x p e r i m e n t s .  
"None" I n t e r e s t  g roup has no  s p e c i f i c  needs for space e x p e r i m e n t s  b u t  may 
have a g e n e r a l  i n t e r e s t  i n  r e s u l t s .  
The l i q u i d  and s o l i d  f u e l  exper iments  i n v o l v i n g  n o  or low f low had t h e  
most "H igh"  i n t e r e s t  r a t i n g s .  Homogeneous m i x t u r e s  and gaseous f u e l  e x p e r i -  
ments had mostly "Medium" and "Low" i n t e r e s t  r a t i n g s .  H i g h  p r e s s u r e  combus- 
t i o n  systems and s p e c i a l  combust ion  systems had mostly "None" i n t e r e s t  r a t i n g s  
w i t h  a few e x c e p t i o n s  o f  "Medium" and "H igh"  i n t e r e s t .  Requi rements f o r  micro- 
g r a v i t y  combust ion s t u d i e s  i n  Space S t a t i o n  s h o u l d  t h e r e f o r e  emphasize l i q u i d  
and s o l i d  exper iments  and n o t  be o v e r l y  concerned a b o u t  t h e  h i g h  p r e s s u r e  
exper iments  and s p e c i a l  t y p e s  o f  b u r n e r s .  
The b r o a d  i n t e r e s t  i n  c e r t a i n  e x p e r i m e n t  c a t e g o r i e s  as shown i n  t a b l e  I 
i n d i c a t e s  t h a t  e f f o r t s  s h o u l d  be made t o  o b t a i n  t h e  d a t a  r e q u i r e d  b y  t h e  d i f -  
f e r e n t  i n t e r e s t  groups w i t h  t h e  same e x p e r i m e n t .  S h a r i n g  an e x p e r i m e n t  a n d / o r  
d a t a  r a i s e s  t h e  q u e s t i o n  of p r o p r i e t a r y  d a t a .  None o f  t h e  i n d i v i d u a l s  or 
o r g a n i z a t i o n s  c o n t a c t e d  expressed a concern  a b o u t  p r o p r i e t a r y  d a t a  as a l l  were 
i n t e r e s t e d  i n  b a s i c  u n d e r s t a n d i n g  wh ich  i s  n o t  c o n s i d e r e d  p r o p r i e t a r y .  An 
e x p e r i m e n t a l  program s h o u l d  n o t  be s t r u c t u r e d  t o  meet t h e  needs o f  o n l y  one 
group,  e x p e r i m e n t e r ,  e t c .  An example of t h e  d e s i r a b l e  approach w o u l d  be an 
exper iment  i n v o l v i n g  t h e  b u r n i n g  o f  f l a t  sheets  o f  paper  t o  d e t e r m i n e  t h e  burn-  
i n g  r a t e  a t  v a r i o u s  f l ow  r a t e s  i n  m i c r o g r a v i t y  versus  normal g r a v i t y .  T h i s  
exper iment  needs an i g n i t i o n  source ,  and t h e  f i r e  s a f e t y  g roups  and i n v e s t i g a -  
t o rs  i n v o l v e d  w i t h  i g n i t i o n  would l i k e  t o  see t h i s  e x p e r i m e n t  c o n d u c t e d  w i t h  
d i f f e r e n t  l e v e l s  o f  i g n i t i o n  e n e r g i e s  and p o s s i b l y  d i f f e r e n t  t y p e s  of i g n i t e r s .  
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S i m i l a r l y  for f i r e  d e t e c t i o n  t e c h n o l o g y  t h e  e x p e r i m e n t  shou ld  i n v e s t i g a t e  t h e  
r a d i a t i o n  l e v e l s  e x h i b i t e d  by  t h e  f i r e ,  i n c l u d i n g  t h e  f r e q u e n c y  spect rum. 
P o l l u t i o n  c o n t r o l  groups would want t o  know c o n t a m i n a t i o n  l e v e l s  i n  t h e  combu 
t i o n  p r o d u c t s ,  where c o n t a m i n a t i o n  i s  formed and what mechanism c o n t r o l s  con- 
t a m i n a t i o n .  F i n a l l y  a t  t h e  c o n c l u s i o n  o f  t h e  e x p e r i m e n t ,  t h e  e x p e r i m e n t  shou 
i n v e s t i g a t e  r e q u i r e m e n t s  t o  e x t i n g u i s h  or c o n t r o l  t h e  f i r e .  One approach wou 
be t o  c o a t  p a r t  o f  t h e  paper  w i t h  f i r e  s u p p r e s s i n g  m a t e r i a l  or add a f i r e  
e x t i n g u i s h i n g  agent  ( w a t e r ,  C02, halogens,  e t c . )  t o  see  the  r e l a t i v e  e f f e c t s  
o f  these m a t e r i a l s  on t h e  f i r e .  Th i s  examole i l l u s t r a t e s  t h e  a b i l i t y  o f  one 
d 
d 
exper iment  t o  meet t h e  needs and i n t e r e s t s '  o f  d i f f e r e n t  groups.  
p l e s  can be g i v e n  f o r  o t h e r  exper iments  and o t h e r  i n t e r e s t  g roups .  
Sim; l a r  exam- 
By combin ing  i n t e r e s t  groups i n t o  one e x p e r i m e n t  t h e  o v e r a l l  c o s t  i n  t i m e  
and monies t o  o b t a i n  t h e  same d a t a  would be reduced s i g n i f i c a n t l y .  One e x p e r i -  
ment,  f a c i l i t y  des ign ,  s a f e t y  r e v i e w ,  and p r i n c i p a l  i n v e s t i g a t o r  c o u l d  meet 
t h e  needs o f  a l l  i n t e r e s t  g roups .  The combin ing  o f  exper iments  would a l s o  
i n c r e a s e  t h e  v a l u e ,  i n t e r e s t ,  and p r i o r i t y  g i v e n  t o  one exper imen t .  I n  d i s c u s -  
s i n g  exper iments  w i t h  i n d i v i d u a l  e x p e r i m e n t e r s  i t  became o b v i o u s  t h a t  most 
e x p e r i m e n t e r s  a r e  unab le ,  n o t  i n t e r e s t e d ,  or u n w i l l i n g  t o  commit t h e  t i m e  and 
monies r e q u i r e d  t o  conduct  a m i c r o g r a v i t y  e x p e r i m e n t  i n  a manned space v e h i c l e ,  
p r o v i d i n g  a n o t h e r  s t r o n g  argument fo r  combin ing  e x p e r i m e n t s .  
The need t o  combine m i c r o g r a v i t y  combust ion e x p e r i m e n t s  for Space S t a t i o n  
i n t r o d u c e s  an i m p o r t a n t  r e q u i r e m e n t .  Space S t a t i o n  must d e v i s e  a way by wh ich  
e x p e r i m e n t e r s  g e t  t o g e t h e r  t o  p l a n  combined e x p e r i m e n t s  b e f o r e  a s p e c i f i c  p r o -  
gram i s  d e f i n e d .  T h i s  p l a n n i n g  can be accompl ished by  workshops i n  wh ich  v a r i -  
ous groups d i s c u s s  needs and approaches t o  d e r i v e  a p l a n  by wh ich  v a r i o u s  needs 
can be accompl ished w i t h  t h e  same hardware.  
i n d u s t r y l u n i v e r s i t y  t e c h n i c a l  w o r k i n g  groups t o  implement  t h e  p l a n s  would a l s o  
a i d  a c h i e v i n g  combined m i c r o g r a v i t y  combust ion e x p e r i m e n t s .  
F o r m a t i o n  o f  f o r m a l i z e d  NASA/  
V I .  SPACE S T A T I O N  FACILITY REQUIREMENTS 
To m e e t  a l l  t h e  s a f e t y  r e q u i r e m e n t s  o f  Space S t a t i o n  t h e  i n d i v i d u a l  exper -  
iments  d i s c u s s e d  i n  S e c t i o n  I V  would have t o  be c o n t a i n e d  w i t h i n  a s e p a r a t e  
f a c i l i t y  as shown i n  f i g u r e  6 .  T h i s  i s  t o  a s s u r e  t h a t  any l e a k s ,  s p i l l s ,  f a i l -  
u r e s ,  e t c .  w i l l  n o t  p e r m i t  f lammable f u e l s  or tox ic  m a t e r i a l s  t o  c o n t a m i n a t e  
Space S t a t i o n .  The f a c i l i t y  would f i t  i n  a doub le  r a c k  as c u r r e n t l y  e n v i s i o n e d  
for Space S t a t i o n .  
p l y i n g  a i r  and remov ing  exhaust  p r o d u c t s .  C o n t r o l s ,  s t a n d a r d  i n s t r u m e n t a t i o n  
and da ta  r e c o r d i n g  would be i n t e g r a l  p a r t s  o f  t h e  combust ion f a c i l i t y .  The 
u n i t  shown i n  f i g u r e  6 i s  l a r g e  enough t o  c o n t a i n  each e x p e r i m e n t a l  a p p a r a t u s  
desc r ibed  i n  S e c t i o n  I V .  A m a j o r  l i m i t a t i o n  i n  space e x p e r i m e n t s  i s  t h e  ava i  
a b i l i t y  o f  e l e c t r i c a l  power. O n l y  t h e  h i g h  p r e s s u r e  e x p e r i m e n t  i n d i c a t e d  a 
l a r g e  power r e q u i r e m e n t  ( 1 0  kW maximum). The o v e r a l l  f a c i l i t y  r e q u i r e m e n t s ,  
e x c l u d i n g  t h e  power fo r  t h e  h i g h  p r e s s u r e  e x p e r i m e n t ,  a r e :  
The f a c i l i t y  would c o n t a i n  s tandard  c o n n e c t i o n s  f o r  sup- 
Phys i c a l  s i z e  1 by 1 by  1 m 
Frequency of use 3 to  4 t imes for 2 t o  3 days each 
fo r  each e x p e r i m e n t a l  program 
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Weight 
Power r e q u i r e m e n t s  
Energy r e q u i r e m e n t  
Thermal l oads  
Combust ion energy  
S e r v i  c i  ng 
Crew i n v o l v e m e n t  
Data  communicat ions 
S a f e t y  
100 k g  ( e s t i m a t e d )  
2 kW (maximum) 
0.5 kWh (maximum) 
0.5 kW (maximum) 
1 kWh 
Would be s t o r e d  and used o n l y  
as r e q u i r e d  to  m e e t  i n d i v i d u a l  
e x p e r i m e n t  needs 
T r a i n e d  t e c h n i c i a n  t o  conduct  
e x p e r i m e n t  and s e t  up f a c i l i t y  
or i n s t a l l  appara tus  
Main r e q u i r e m e n t s  a r e  for a h i g h  
speed v i d e o  system and t h e  l a s e r  
system to  measure t e m p e r a t u r e  
and c o n c e n t r a t i o n  
Designed t o  p r o t e c t  Space S t a t i o n  
w i t h i n  two v e s s e l s  t o  p r e v e n t  
l e a k s ,  e t c .  
Genera l  c h a r a c t e r i s t i c s  Windows on a l l  s i x  s i d e s  f o r  v i e w i n g .  
One or two removable s i d e s  t o  p e r m i t  
i n s t a l l a t i o n  o f  e x p e r i m e n t .  S t a n d a r d  
c o n n e c t i o n s  for a i r  s u p p l y ,  i n s t r u m e n t  
c a b l e s ,  c o n t r o l s ,  exhaust  sys tem,  gas 
sampl ing  l i n e s .  S torage i n s i d e  f o r  
f u e l s ,  f i r e  e x t i n g u i s h i n g  m a t e r i a l ,  
waste f u e l .  
The genera l  c o n s t r u c t i o n  r e q u i r e m e n t s  for t h e  f a c i l i t y  a r e  minimum. 
Expected p r e s s u r e s  a r e  low as t h e  t e s t  a p p a r a t u s  w i l l  p r o v i d e  c o n t a i n m e n t  o f  
t h e  f u e l ,  combust ion,  and combust ion p r o d u c t s .  Because t h e  f a c i  1 i t y  w i  1 1  n o t  
be used c o n t i n u o u s l y  i t  i s  assumed t h a t  between t e s t  p e r i o d s  i t  w i l l  be s t o r e d  
and moved o u t  i n t o  a t e s t  a rea .  D u r i n g  t e s t s  t h e  f a c i l i t y  shou ld  be a c c e s s i b l e  
on a l l  s i x  s i d e s  t o  p e r m i t  maximum f l e x i b i l i t y  t o  d a t a  t a k i n g  and o b s e r v a t i o n s .  
Symmetry i s  a key  f a c t o r  i n  most of t h e  t e s t  programs d i s c u s s e d  above so i t  i s  
i m p o r t a n t  t h a t  o b s e r v a t i o n s  can be made t o  demonst ra te  t h i s  symmetry. Combus- 
t i o n  e x p e r i m e n t s  would be conducted by  p l a c i n g  t h e  d i f f e r e n t  p i e c e s  of equ ip-  
ment r e q u i r e d  t o  c o n t a i n  each e x p e r i m e n t  i n s i d e  t h e  combust ion f a c i l i t y .  
V I I .  ACCOMMODATION I N  SPACE S T A T I O N  
The f a c i  1 i t y  r e q u i r e m e n t s  fo r  c o n d u c t i n g  m i c r o g r a v i  t y  combust ion  e x p e r i -  
ments i n  Space S t a t i o n  g i v e n  i n  S e c t i o n  V i n d i c a t e s  t h a t  t h e y  a r e  c o m p a t i b l e  
w i t h  p r e s e n t  p l a n s  for Space S t a t i o n .  The most s e v e r e  r e q u i r e m e n t  i s  t h e  d i s -  
p o s i n g  o f  combust ion p r o d u c t s .  
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V I I . 1  D i s p o s i n g  o f  Combust ion P r o d u c t s  
C o l l e c t i o n  of t h e  combust ion  p r o d u c t s  can be accompl ished e a s i l y ,  as a l l  
t h e  e x p e r i m e n t s  a r e  c o n t a i n e d  w i t h i n  two v e s s e l s  ( e x p e r i m e n t a l  a p p a r a t u s  s u r -  
rounded by  t h e  f a c i l i t y ) .  The maximum volume o f  combust ion  gas g e n e r a t e d  i n  a 
s e r i e s  o f  t e s t s  (5 h r  d u r a t i o n )  would be 40 m3 a t  s t a n d a r d  c o n d i t i o n s  ( p o s s i -  
b l y  100 a c t u a l  m3 a t  average combust ion  gas t e m p e r a t u r e s ) .  Methods f o r  e f f e c -  
t i v e l y  s t o r i n g  t h i s  gas f o r  f u t u r e  use and d i s p o s a l  would have t o  be p r o v i d e d .  
D i f f e r e n t  means for d i s p o s i n g  and /o r  r e u s i n g  t h i s  gas can be c o n s i d e r e d  and 
would have to  be s t u d i e d  t o  d e t e r m i n e  t h e  most e f f e c t i v e  means o f  m e e t i n g  t h i s  
r e q u i r e m e n t .  
D i s p o s i n g  o f  t h e  combust ion  gases would be f u r t h e r  c o m p l i c a t e d  w i t h  t h e  
use o f  f i r e  suppressants  and e x t i n g u i s h i n g  agen ts .  A s  d i s c u s s e d  i n  S e c t i o n  I V  
t h e  f i r e  s a f e t y  i n t e r e s t  groups would want t o  use these m a t e r i a l s  t o  d e t e r m i n e  
how t h e y  c o n t r o l  f i r e s .  U n f o r t u n a t e l y ,  many o f  t h e  e x t i n g u i s h i n g  agents  c r e -  
a t e  t o x i c  a n d / o r  c o r r o s i v e  combust ion p r o d u c t s  wh ich  p r e s e n t  s p e c i a l  s a f e t y  
and h a n d l i n g  prob lems.  Some o f  t h e  combust ion p r o d u c t s  a r e  so c o r r o s i v e  t h a t  
s t a i n l e s s  s t e e l  must be p r o t e c t e d  by c o a t i n g  t h e  components w i t h  t e f l o n .  
V I I . 2  P r o v i d i n g  a L a b o r a t o r y  Envi ronment  
A m a j o r  r e q u i r e m e n t  f o r  m i c r o g r a v i t y  combust ion exper iments  i n  Space Sta-  
t i o n  i s  t o  p r o v i d e  a l a b o r a t o r y  env i ronment  where a s e r i e s  o f  t e s t s  can be 
accompl ished.  A s s o c i a t e d  w i t h  t h i s  r e q u i r e m e n t  i s  t h e  a b i l i t y  t o  change t h e  
t e s t  m a t r i x  and t e s t  p r o c e d u r e s .  To m a i n t a i n  t h e  s a f e t y  and c o n t r o l  r e q u i r e d  
f o r  a manned--expensive--vu lnerable Space S t a t i o n  means t h a t  p rocedures  w i l l  
have t o  be deve loped t o  p e r m i t  e x p e r i m e n t e r s  t o  change t e s t  c o n d i t i o n s  w i t h i n  
a range o f  c o n d i t i o n s  as compared t o  s p e c i f i e d  c o n d i t i o n s  t h a t  a r e  approved 
f o r  s e l f - c o n t a i n e d  e x p e r i m e n t s .  NASA w i l l  have t o  address t h i s  p rob lem i n  
o r d e r  t o  a t t r a c t  i n d u s t r i a l  and commercial  i n t e r e s t s  i n t o  u s i n g  t h e  Space Sta-  
t i o n  f o r  m i c r o g r a v i t y  combust ion  e x p e r i m e n t s .  
V I I . 3  Genera l  Use D i a g n o s t i c  Equipment 
Severa l  p i e c e s  o f  d i a g n o s t i c  equipment have been i d e n t i f i e d  fo r  deve lop-  
ment f o r  use i n  m i c r o g r a v i t y  combust ion e x p e r i m e n t s .  A l l  o f  them shou ld  be 
e x t e r n a l  t o  t h e  combust ion e x p e r i m e n t  t o  maximize the  a b i l i t y  t o  make measure- 
ments a t  v a r i o u s  l o c a t i o n s  i n  t h e  exper imen t .  Be ing  e x t e r n a l  a l s o  means t h a t  
t h e  d i a g n o s t i c  equipment  does n o t  have to  be i n v o l v e d  w i t h  t h e  development o f  
an e x p e r i m e n t .  
A s  D a r t  of t h e  su rvey  o f  equipment f o r  m i c r o g r a v i t y  combust ion e x p e r i -  
ments on Space S t a  
i d e n t i f i e d .  
V i d e o  system 
P i  x e l  s 
R e s o l u t i o n  
Image s i z e  
Exposure t 
i o n  t h e  f o l l o w i n g  d i a g n o s t i c  equipment  requ i remen ts .  were 
me 
200 by  200 t o  400 by  400 
5 t o  10 pm 
1 t o  200 mm 
10-9 t o  10-3 s e t  
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Foca l  l e n g t h  
F number 
5 t o  100 cm 
2 t o  30 
Temperature measur ing  system ( l a s e r ) :  
Accuracy  25 t o  100 " C  
Range 200 to  3,000 " C  
S i z e  o f  e lement  
D iameter  0 . 3  t o  1.0 mm 
Length  3 t o  10 mm 
T i  me 10-6 to  10-3 sec 
Spec ies  c o n c e n t r a t i o n  measur ing  system ( l a s e r  a n d / o r  mass s p e c ) :  
S i z e  o f  e lement  
D i  ame t e r  0.3 t o  1.0 mm 
L e n g t h  3 to  10 mm 
Time 10-6 to  10-3 sec 
For m a j o r  r e a c t i n g  s p e c i e s ,  10 p e r c e n t  o v e r  range of 
I n t e r m e d i a t e  s p e c i e s ,  20 p e r c e n t  o v e r  range o f  
T o x i c  s p e c i e s ,  10 p e r c e n t  o v e r  range o f  
Dust  p a r t i c l e s  10 p e r c e n t  o v e r  range o f  
Accuracy  
(C02, H20, hydrocarbons ,  e t c . )  100 to  10 000 ppm 
(O+, OH, H+ No., No. 2, e t c . )  10 t o  1,000 ppm 
(From c h l o r i d e s ,  c y a n i d e s ,  e t c . )  0.1 t o  10 ppm 
10 t o  1,000 pm 
Development o f  a v i d e o  system, n o n p e r t u r b i n g  t e m p e r a t u r e  measur ing  system, 
and s p e c i e s  c o n c e n t r a t i o n  measur ing  system s h o u l d  be c o n s i d e r e d  as equipment  
b e i n g  deve loped for Space S t a t i o n  r a t h e r  t h a n  f o r  m i c r o g r a v i t y  combust ion  
e x p e r i m e n t s .  
meet t h o s e  o f  a l m o s t  e v e r y  e x p e r i m e n t  p lanned f o r  Space S t a t i o n .  
tem c o u l d  a l s o  be used f o r  o b s e r v i n g  Space S t a t i o n  a c t i v i t i e s .  S i m i l a r l y  
t e m p e r a t u r e  measurements a r e  v e r y  common r e q u i r e m e n t s  i n  most e x p e r i m e n t s .  
T h e r e f o r e  a p o r t a b l e  l a s e r  t e m p e r a t u r e  measur ing  system would be v e r y  u s e f u l  
i n  o t h e r  e x p e r i m e n t s .  
For  example t h e  r e q u i r e m e n t s  s p e c i f i e d  f o r  a v i d e o  system s h o u l d  
A v i d e o  sys- 
The s p e c i e s  c o n c e n t r a t i o n  r e q u i r e m e n t s  f o r  low l e v e l  t o x i c  s p e c i e s  (nor- 
m a l l y  accompl ished by a mass s p e c t r o m e t e r )  would be a r e q u i r e m e n t  for inspec-  
t i o n s  i n  Space S t a t i o n .  
method for  f i n d i n g  l e a k s ,  p o l l u t i o n  prob lems,  e t c .  T h e r e f o r e ,  a p o r t a b l e  mass 
spec t rum or one t h a t  c o u l d  a n a l y z e  samples o b t a i n e d  t h r o u g h o u t  Space S t a t i o n  
would be i n v a l u a b l e  i n  m a i n t a i n i n g  a s a f e  e n v i r o n m e n t .  Laser  measurements of 
s p e c i e s  c o n c e n t r a t i o n s  c o u l d  be used i n  o t h e r  e x p e r i m e n t s  and for measur ing  
i n e r t s  or q u a l i t y  o f  t h e  gaseous e n v i r o n m e n t  i n  Space S t a t i o n .  
would be i n v a l u a b l e  i n  d e t e r m i n i n g  i f  l e a k s  o f  i n e r t  or o t h e r  gases were 
p r e s e n t  i n  Space S t a t i o n .  
The mass s p e c t r o m e t e r  i s  about  t h e  most r e l i a b l e  
The i n s t r u m e n t  
V I I I .  SUMMARY OF F I N D I N G S  
D e f i n i t i o n s  o f  e x p e r i m e n t s  and r e q u i r e m e n t s  for  f u t u r e  m i c r o g r a v i t y  com- 
b u s t i o n  e x p e r i m e n t s  were o b t a i n e d  from c o n s u l t a t i o n s  w i t h  u n i v e r s i t y ,  govern-  
ment,  and p r i v a t e  r e s e a r c h  groups .  
c u r r e n t l y  i n v o l v e d  w i t h  m i c r o g r a v i t y  e x p e r i m e n t s ,  b u t  many a r e  n o t  i n v o l v e d  
Some o f  t h e  s u r v e y  group had i n d i v i d u a l s  
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and would l i k e  t o  become i n v o l v e d  i n  f u t u r e  programs.  From an assessment o f  
t h i s  s u r v e y  t h e  f o l l o w i n g  f i n d i n g s  were made. 
1 .  The commercial  s e c t o r  has a d e f i n i t e  i n t e r e s t  and need t o  conduct  c e r -  
t a i n  m i c r o g r a v i t y  combust ion  s t u d i e s  i n  Space S t a t i o n ,  b u t  t h e  commercial  sec- 
tor  has d i f f i c u l t y  i n  d e f i n i n g  e x p e r i m e n t s  and r e q u i r e m e n t s  r e s u l t i n g  from 
t h e s e  i n t e r e s t s  and needs. The main m o t i v a t i o n  f o r  t h e s e  i n t e r e s t s  a r e  i n  
u s i n g  m i c r o g r a v i t y  as an i d e a l i z e d  l o w - c o n v e c t i o n  env i ronment  f o r  e x p e r i m e n t s  
aimed a t  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  combust ion  p r o c e s s  f o r  a p p l i c a t i o n  and 
development  o f  new and improved p r o d u c t s .  
2 .  The i n t e r e s t s  of t h e  commerc ia l  s e c t o r  c o v e r  a l l  aspec ts  o f  combust ion ,  
from i g n i t i o n  t o  e x t i n g u i s h m e n t ,  and i n v o l v e  a l l  t y p e s  o f  o r g a n i z a t i o n s ,  from 
i n s u r a n c e  and s a f e t y  codes groups  i n t e r e s t e d  i n  f i r e  s a f e t y  t o  m a n u f a c t u r e r s  
o f  combust ion  d e v i c e s .  Each has u n i q u e  i n t e r e s t s  b u t  i s  a f t e r  s i m i l a r  r e s u l t s  
and u n d e r s t a n d i n g .  
3.  Many i n v e s t i g a t o r s ,  i n t e r e s t  g r o u p s ,  o r g a n i z a t i o n s ,  e t c . ,  want to  p e r -  
form e x p e r i m e n t s  o f  t h e  same t y p e ,  a l l  of  w h i c h  can be accompl ished i n  t h e  same 
program w i t h  one s e t  o f  equ ipment .  
i t y  o f  t h e  need f o r  f u t u r e  e x p e r i m e n t s  a r e  s i m p l e .  A g e n e r a l  combust ion  f a c i l -  
i t y  w i t h  v a r i o u s  p i e c e s  o f  e x p e r i m e n t a l  a p p a r a t u s  w i t h i n  t h e  f a c i l i t y  can be 
used to  meet d i f f e r e n t  r e q u i r e m e n t s .  F i v e  t o  t e n  p i e c e s  o f  a p p a r a t u s  s h o u l d  
meet t h e  m a j o r i t y  o f  f u t u r e  needs. 
Equipment r e q u i r e m e n t s  t o  meet t h e  m a j o r -  
4 .  I n d i v i d u a l  o r g a n i z a t i o n s  or i n v e s t i g a t o r s  have i n s u f f i c i e n t  r e s o u r c e s  
or i n t e r e s t  t o  u n d e r t a k e  a m i c r o g r a v i t y  combust ion  s t u d y  a l o n e .  T h i s  i n c l u d e s  
t h e  t o t a l  t i m e  from i n c e p t i o n  of t h e  program t o  c o m p l e t i o n  as w e l l  as t h e  phys- 
i c a l  r e s o u r c e s  f o r  development  of equipment  t o  p e r f o r m  t h e  e x p e r i m e n t a l  i n v e s -  
t i g a t i o n .  A commerc ia l  o r g a n i z a t i o n ,  e s p e c i a l l y ,  has d i f f i c u l t y  i n i t i a t i n g  
and s u p p o r t i n g  a program t h a t  w i l l  r e q u i r e  5 to  10 y e a r s  t o  comple te .  
5 .  Everyone i n t e r e s t e d  i n  m i c r o g r a v i t y  combust ion  e x p e r i m e n t s  expressed a 
d e s i r e  to  have a l a b o r a t o r y  e n v i r o n m e n t  i n  wh ich  a s e r i e s  o f  e x p e r i m e n t a l  t e s t s  
can be p e r f o r m e d .  Changes i n  t h e  t e s t  p l a n ,  m a t r i x ,  and procedures  wou ld  be 
made on t h e  b a s i s  o f  t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d .  A s e r i e s  o f  t e s t s  wou ld  
be made w i t h  t i m e  between s e r i e s  used t o  examine t h e  d a t a  and compare r e s u l t s  
t o  t h e o r e t i c a l  p r e d i c t i o n s .  
6 .  C o n d u c t i n g  a s e r i e s  of  t e s t s  r e q u i r e s  t h a t  a means be p r o v i d e d  t o  col- 
l e c t  and d i s p o s e  o f  t h e  p r o d u c t s  o f  combust ion .  
a n d / o r  c o r r o s i v e  which c o u l d  c r e a t e  severe  prob lems i n  d e v e l o p i n g  a system t o  
meet t h i s  r e q u i r e m e n t .  
These p r o d u c t s  may be t o x i c  
I X .  RECOMMENDATIONS 
The f o l l o w i n g  recommendat ions,  d i r e c t e d  a t  o b t a i n i n g  t h e  maximum i n v o l v e -  
ment o f  t h e  p r i v a t e  s e c t o r  i n  Space S t a t i o n  combust ion  exper iments ,  were 
d e r i v e d  on  t h e  b a s i s  o f  t h e  s u r v e y  r e s u l t s  and c o n c l u s i o n s  drawn from these 
r e s u l t s .  
28 
( 1 )  Des ign  and d e v e l o p  a combust ion  f a c i l i t y ,  w i t h  a l a b o r a t o r y  e n v i r o n -  
ment,  so t h a t  a l l  c a t e g o r i e s  o f  combust ion  t e s t  appara tus  can be used t o  con- 
d u c t  a s e r i e s  o f  t e s t s .  The l a b o r a t o r y  env i ronment  would p r o v i d e  t i m e  between 
t e s t  s e r i e s  t o  a n a l y z e  d a t a ,  compare t h e  d a t a  t o  t h e o r y ,  and t h e n  change t h e  
n e x t  t e s t  s e r i e s .  The combust ion f a c i l i t y  would have s t a n d a r d  c o n n e c t i o n s  fo r  
a i r  s u p p l y ,  e x h a u s t  o f  combust ion p r o d u c t s ,  windows, i n s t r u m e n t a t i o n  c a b l e s ,  
and c o n t r o l s .  
( 2 )  Develop a t e c h n o l o g y  p l a n  t h a t  has t h e  commercial  s e c t o r  INVOLVED I N  
EVERY EXPERIMENT. The i n v o l v e m e n t  s h o u l d  b e g i n  w i t h  t h e  i n i t i a l  p l a n n i n g  o f  
t h e  e x p e r i m e n t .  T h i s  i n v o l v e m e n t  can be accompl ished by h a v i n g  workshops t o  
i n d o c t r i n a t e  v a r i o u s  groups on needs and i n t e r e s t s  o f  t h e  commercial  s e c t o r  
w h i l e  e x p l a i n i n g  t h e  t y p e s  o f  e x p e r i m e n t s  t h a t  a r e  b e i n g  c o n s i d e r e d .  
( 3 )  P r o v i d e  s u p p o r t  (development  f u n d s ,  f l i g h t  expenses, e t c . )  f o r  t h o s e  
e x p e r i m e n t s  or programs t h a t  i n c l u d e  t e s t s  t o  meet t h e  needs of s e v e r a l  g roups  
and have b o t h  f i n a n c i a l  and personne l  commitment o f  d i f f e r e n t  groups and organ-  
i z a t i o n s ,  o f  wh ich  one must be from t h e  p r  
t h e  c o s t  i n  t i m e  and monies to  d e v e l o p  and 
m i z i n g  t h e  v a l u e  and i n t e r e s t  i n  t h e  exper  
(4) P r o v i d e  modular  d i a g n o s t i c  u n i t s ,  
i t y ,  for  measur ing  and r e c o r d i n g  t h e  combu 
can be used f o r  many d i f f e r e n t  e x p e r i m e n t s  
v a t e  s e c t o r .  T h i s  w i l l  m i n i m i z e  
conduct  t h e  e x p e r i m e n t s  w h i l e  maxi -  
ment.  
e x t e r n a l  t o  t h e  combust ion  f a c i l -  
t i o n  phenomena. The modular  u n i t s  
( i n c l u d i n a  non-combust ion e x D e r i -  
ments) and for  Space S t a t i o n  o p e r a t i o n .  T h i s  w i l l  m i n i m i z e  t h e  development  
t i m e  and c o s t s  o f  i n d i v i d u a l  p i e c e s  o f  equipment  t o  conduct  d i f f e r e n t  e x p e r i -  
m'ents and w i l l  m i n i m i z e  t h e  w e i g h t  and volume o f  t h e  equipment  t h a t  must  be 
t r a n s p o r t e d  to  Space S t a t i o n .  
2 9  
APPENDIX A - CONTACT L IST  FOR COMBUSTION INDUSTRY REQUIREMENTS FOR 
SPACE STATION SURVEY W I T H  AREAS OF I N T E R E S T  AND E X P E R I M E N T  I N T E R E S T S  
Code f o r  Areas o f  I n t e r e s t :  
FS F i r e  S a f e t y  f o r  T e r r e s t r i a l  A p p l i c a t i o n s  
SP F i r e  S a f e t y  f o r  Space A p p l i c a t i o n s  
PP P r o p u l s i o n  and Power 
I N  I n d u s t r i a l  B u r n e r s  
PC P o l l u t i o n  C o n t r o l  
Code f o r  Exper imen t  I n t e r e s t s :  
1 No F l o w  System w i t h  L i q u i d  or S o l i d  F u e l s  
2 Homogeneous M i x t u r e s  of F u e l  and Oxygen 
3 Low F low System w i t h  S o l i d  or L i q u i d  F u e l  
4 Low F l o w  System w i t h  Gaseous F u e l s  
5 H i g h  P r e s s u r e  Combus t ion  Systems 
6 S p e c i a l  B u r n e r  Systems 
O r g a n i z a t i o n  
Address 
Name 
T i t l e  
Telephone Number 
I n t e r e s t s  
ADVANCED FUEL RESEARCH INC. 
P.O. Box 18343 
E a s t  H a r t f o r d ,  Conn. 06118 
D r .  P e t e r  Solomon . . . . . . . . . . . . .  PP,PC - 3 
P r e s i d e n t  
( 203 1 528-9806 
AEROJET TECHSYSTEMS CO. 
P.O. Box 1322 
Sacramento,  CA 95813 
M a r v i n  Young . . . . . . . . . . . . . . .  PP - 5,3 
(916)  355-2064 
AEROJET PROPULSION RESEARCH INSTITUTE 
P.O. Box 13502 
Sacramento,  CA 95853-4502 
D r .  D a v i d  T .  P r a t t  . . . . . . . . . . . .  PP - 5,3 
(916)  355-3872 
AEROSPACE CORP. 
P.O. 80x 92957 
Los Ange les ,  CA 90009 
D r .  Norman Cohen M5l747 . . . . . . . . .  PP - 3 
(213)  336-7427 
Ron Cohen M5f754 . . . . . . . . . . . . .  
(213)  336-5946 
PP,SP,FS - 3,1,2 
30 
A.F.O.S.R.  / NA 
B o l l i n g  AFB 
Washington D.C. 20332 
D r .  J u l i a n  T i s h k o f f  . . . . . . . . . . . .  PP,SP,FS,  - 3 , 1 , 5 , 2 , 6  
(202 )  767-4935 
AEROCHEM CORP. 
P.O.  Box 12 
P r i n c e t o n ,  NJ 08542 
H a r t w e l l  F. C a l c o t e  . . . . . . . . . . . .  FS,PC, IN - 4.1.2 
P res  i d e n t  
ALUMINUM COMPANY OF AMERICA 
A l c o a  B u i l d i n g  
P i t t s b u r g h ,  PA 15219 
M r .  T.L. C a r t e r  . . . . . . . . . . . . . .  I N  
(412)  553-4545 
ALZETA CORPORATION 
2343 C a l l e  De l  Mundo 
San ta  C l a r a ,  CA 95054 
Bob K e n d a l l  . . . . . . . . . . . . . . . .  IN,PC,PP - 4 ,3  
(408)  727-8282 
AMOCO O I L  COMPANY 
P.O. Box 400 
N a p e r v i l l e ,  I L  60566 
D r .  K e i t h  W .  McHenry J r  . . . . . . . . . .  I N  
V . P . ,  Research & Dev. D e p t .  
(312)  420-51 1 1  
APPLIED PHYSICS LAB 
John Hopk ins  Rd. 
L a u r e l ,  M a r y l a n d  20810 
R o b e r t  F r i s t r o m  . . . . . . . . . . . . . .  FS,PC,PP - 2,3,1 
(301)  953-6221 
ARMSTRONG WORLD INDUSTRIES I N C .  
Research 81 Development D e p t .  
P.O. Box 3511 
L a n c a s t e r ,  PA 17604 
James L. Jackson . . . . . . . . . . . . .  FS - 1 
U.S.  ARMY BALLISTIC RESEARCH LAB 
Aberdeen P r o v i n g  Ground 
M a r y l a n d  21005 
SLCBR-I BD 
M a r t i n  M i l l e r  . . . . . . . . . . . . . . .  PP - 2 
(301 ) 278-61 56 
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ATLANTIC RESEARCH CORPORATION 
5390 Cherokee Avenue 
A l e x a n d r i a ,  VA 22312 
E . T .  McHale . . . . . . . . . . . . . . . .  PP,PC,FS - 2.1 
M e r r i l l  K i n g  . . . . . . . . . . . . . . .  PP,FS - 2.1 
(703 )  642-4088 
(703 )  642-42 17 
BABCOCK & W I LCOX 
1562 Beeson S t r e e t  
A l l i a n c e ,  OH 44601 
Tom Modrack . . . . . . . . . . .  
(216)  821-9110 
. . . .  PP,PC, - 6.3 
BATTE LLE 
Columbus L a b o r a t o r i e s  
505 K i n g  Ave. 
Columbus, OH 43201 
Rona ld  A .  C u d n i k  . . . . . . . . . . . . .  IN,FS - 4,1,3 
J i m  Saunders . . . . . . . . . . . . . . .  FS,IN - 1,2,4 
J i m  R e u t h e r  . . . . . . . . . . . . . . . .  FS,IN - 2,1,3 
Bob Giammar . . . . . . . . . . . . . . . .  PP,PC,IN - 3 ,1 ,4  
Manager,  Energy  & Thermal Tech. 
(61  4 )  424-731 6 
( 6 1 4 )  424-3271 
( 6 1 4 )  424-7916 
Manager,  Combus t ion  Tech. 
( 6 1 4 )  424-7701 
THE BOC GROUP INC. 
100 M o u n t a i n  Ave. 
M u r r a y  H i l l  
New P r o v i d e n c e ,  NJ 07974 
N.W. M a r i n e l l i  . . . . . . . . . . . . . .  
(201 ) 771-631 1 
I N  
BRIGHAM YOUNG UNIVERSITY 
Provo ,  U t a h  84602 
D r .  L .  Doug las  Smoot . . 
270 C l y d e  B u i l d i n g  
D r .  M e r r i l l  B e c k s t e a d  . . 
Chemical  Engr .  D e p t  
(801 )  378-4326 
(801 )  378-2586 
. . . . . . . . .  PP,PC,IN - 3.1 
. . . . . . . . .  PP,PC - 5,4,3,1 
BROOKHAVEN NATIONAL LAB 
B l d g .  120 
U p t o n  1 ,  NY 11973 
C . R .  K r i s h n a  . . . . . . . . . .  
(51  6) 282-4025 
. . . .  FS,IN - 1.3 
BROWN U N I V E R S I T Y  
D i v .  o f  E n g i n e e r i n g  
Box D 
P r o v i d e n c e ,  Rhode I s l a n d  02912 
Prof .  Merwyn S i b u l k i n  . . 
Mechan ica l  Engr .  
(401)  863-2867 
BUREAU OF M I N E S  
P i t t s b u r g h  Research C e n t e r  
P.O. Box 18070 
P i t t s b u r g h ,  PA 15236 
D r .  R o b e r t  F .  Chaiken . 
(412)  675-6541 
. . . . . . . .  F S , S P , I N  - 3 , l . Z  
. . . . . . . .  P P , P C , I N  - 1,3,4 
D r .  M a r t i n  H e r t z b e r g  . . . . . . . . . . .  FS,PP,PC - 4,2 
P h i l  Go ldberg  . . . . . . . . . . . . . . .  FS,PP,PC - 3,4,1 
(412)  675-6625 
(412)  675-5882 
CABOT CORPORATION 
Concord Rd. 
B i l l e r i c a ,  MA 01821 
D r .  J i m  B i t t n e r  . . . . . . . . . . . . . .  I N  
Genera l  Manager, 
Carbon B l a c k  Technology D i v .  
(617)  663-3455 
U N I V E R S I T Y  OF CALIFORNIA BERKELY 
Dept .  o f  Mechanica l  E n g i n e e r i n g  
B e r k e l y ,  C a l i f o r n i a  94720 
Prof. A . K .  Oppenheim . . . . . . . . . . .  PC 
Prof .  R o b e r t  F .  Sawyer . . . . . . . . . .  PP,PC - 3.1 
Prof. John W .  D a i l y  . . . . . . . . . . . .  PC,PP - 3,2 
Prof .  A .  C a r l o s  Fernandez P e l l o  . . . . . .  FS,PC,PP - 1,3,2 
(41  5 )  642-021 1 
(41 5 )  642-5573 
(4 1 5 )  642-0238 
(41 5)  642-6554 
U N I V E R S I T Y  OF CALIFORNIA D A V I S  
Depar tment  o f  Mechan ica l  Engr .  
D a v i s ,  C a l i f o r n i a  
Prof. C . K .  Law . . . . . . . . . . . . . .  PP,PC, IN - 3,1,4,2 
I a n K e n n e d y  . . . . . . . . . . . . . . . .  I N - 2  
(91 6)  752-8928 
U N I V E R S I T Y  OF CALIFORNIA I R V I N E  
School  o f  E n g i n e e r i n g  
I r v i n e ,  CA 92717 
Prof. W i l l i a m  S i r i g n a n o  
O f f i c e  o f  t h e  Dean 
(714)  856-6002 
. . . . . . . .  PP,PC - 1,3,4 
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UNIVERSITY OF CALIFORNIA LaJOLLA 
L a J o l l a ,  CA 92093 
Prof .  Abe. L .  B e r l a d  . . . . . . . . . .  
(61  9)  756-4458 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
Pasadena, CA 91125 
D r .  A n a t o l  Roshko . . . . . . . . . . . .  
(818)  356-4531 
CARNEGIE  MELLON UNIVERSITY 
P i t t s b u r g a ,  PA 15213 
D r .  Edward S .  Rub in  . . . . . . . . . . .  
D i r e c t o r ,  C e n t e r  f o r  Energy S t u d i e s  
(412)  268-2491 
P r o f .  Norman C h i g i e r  . . . . . . . . . .  
Dep t .  o f  Mechanica l  Engr .  
(41 2 )  268-2498 
CASE WESTERN RESERVE UNIVERSITY 
Mechan ica l  & Aerospace Engr .  
C l e v e l a n d ,  OH 44106 
P ro f .  James S .  T i e n  . 
(21 6)  368-4581 
CHEVRON RESEARCH COMPANY 
576 S t a n d a r d  Ave. 
P.O. Box 1627 
Richmond, CA 94802-0627 
D i c k  A .  K o h l e r  . . 
(41 5 )  620-4048 
. . . . . . . . .  
. . . . . . . . .  
CIBA G E I G A  
Toms R i v e r s ,  NJ 
Tom Hoppe . . . . . . . . . . . . . . . .  
(201)  349-5200 
THE CLOROX COMPANY 
P.O. Box 493 
P l e a s a n t o n ,  CA 94566 
R o b e r t  C .  Cook . . . . . . . . . . . . .  
Manager, G r i l l  P r o d u c t s  
(41 5 )  847-6226 
I UNIVERSITY OF COLORADO 
B o u l d e r ,  CO 80309 
D r .  Me lvyn  C. Branch . . . . . . . . .  
(303)  492-631 8 
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. FS,SP - 2,1,4,3 
. PP 
. I N  
. P P , I N , P C  - 3 , l  
. FS,PC,PP - 3 , 4 , 1  
. I N  
. FS - 1,3,6 
I N  
. PP,PC - 1,6,3 
COMBUSTION POWER COMPANY 
1020 March Rd., S u i t e  100 
Men lo  Park ,  CA 84025 
D r .  J e r r y  Cooper . . . . .  
Manager, P rocess  Engr 
(415)  324-4744 
. . . . . . . .  P P - 6  
U N I V E R S I T Y  OF CONNETICUT 
D e p t .  o f  Mechan ica l  Engr .  
Storrs, C o n n e t i c u t  06268 
Prof. E l i .  K. Dabora . . . . . . . . . . .  P P , I N , F S  - 2 , l  
(203)  486-241 5 
CORNELL UNIVERSITY 
I t h a c a ,  NY 14853 
Prof. F r e d  G o u l d i n  . . . . . . . . . . . .  P P , I N , P C  - 3 .4  
Upson H a l l  
CUMMINS ENGINE COMPANY 
Columbus, I N  47201 
D r .  S.M.  Shahed . . . . . . . . . . . . . .  PP,PC - 5,1,3 
(812)  377-7330 
D.O.E .  
G a i t h e r s b u r g ,  M a r y l a n d  
Chuck G a r r e t t  . . . . . . . . . . . . . . .  FS,PP,PC - 1.3.4 
A 1  L a u f e r  . . . . . . . . . . . . . . . . .  PC,PP - 4.2 
(301 ) 353-281 9 
(301)  353-5820 
DOH CHEMICAL 
A n a l y t i c a l  Lab 
M i d l a n d ,  M i c h i g a n  48674 
Bruce  Powers . . . . . . . . . . . . . . .  F S , I N  - 1,3,5 
Manager, R e a c t i v e  Chemica ls  T e s t i n g  
(517)  636-1000 
DREXEL U N I V E R S I T Y  
MEM Dept .  
P h i l a d e l p h i a ,  PA 19104 
Prof. A.M.  M e l l o r  . . . . . . . . . . . . .  P P , I N  - 1 ,2 ,3  
E . I .  DuPONT DeNEMOURS CO. 
H a s k i l l  Lab 
P.O.  Box 50, E l k t o n  Road 
Newark, Delaware 19711 
Rudolph V a l e n t i n e  . . . . . . .  
( 3 0 2 )  366-5315 
. .  I N  
E . P . A .  
401 M S t . ,  SW 
Washington D.C.  20460 
MS ANR 445 
S teven  Anderson . . . . . . . . . . . . . .  PC - 1 ,2 ,3 ,4  
( 2 0 2 )  475-9403 
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ELECTRIC POWER RESEARCH INST. 
3412 H i l l v i e w  Ave. 
P.O. Box 10412 
P a l o  A l to ,  CA 94303 
I 
J i m  K e s s e l r i n g  . . . . . . . . . . . . . .  IN,PP,PC - 4.2 
S h e l t e n  E h r l i c h  . . . . . . . . . . . . . .  PP,PC - 4,2 
D r .  John S t r i n g e r  . . . . . . . . . . . . .  PP,PC - 2,4 
(415 )  855-2000 
(41  5 )  855-2444 
(41  5 )  855-2472 
ETHYL PETROLEUM ADDITIVES 
125 LAFAYETTE 
S t .  L o u i s ,  MO 63104 
Aubrey  Burrows . . . . . . . . . . . . . .  PP,PC 
(314)  421-3930 
EXXON RESEARCH & E N G I N E E R I N G  
Route 22 E a s t  
Ammendale, NJ 08801 
Dr. Anthony  M.  Dean . . . . . . . . . . . .  IN,PC 
( 2 0 1 )  730-2727 
P.O. Box 101 
F l o r h a m  P a r k ,  NJ 07923 
D r .  C h a r l e s  Benson . . . . . . . . . . . .  PC,PP - 4,3 
(201 )  765-1250 
FACTORY MUTUAL RESEARCH 
1151 B o s t o n  P r o v i d e n c e  T u r n p i k e  
Norwood, Mass. 02062 
John DeRis . . . . . . . . . . . . . . . .  FS,SP,PC - 1,3,4,6 
R o b e r t  G .  Z a l o s h  . . . . . . . . . . . . .  FS,SP - 6,1,3,2 
( 6 1 7 )  762-4300 
A s s t .  Mgr . ,  A p p l i e d  Research 
FENWALL INC. 
400 M a i n  S t .  
A s h l a n d ,  Mass. 01721 
B i l l  Garvey  . . . . . . . . . . . . . . . .  FS,SP - 1,3,4 
P r o t e c t i o n  Systems D i v .  
I ( 617 )  881-2000 
I F IKE CORPORATION 
704 Sou th  1 0 t h  S t .  
B l u e  S p r i n g s ,  M i s s o u r i  64015 
D r .  E i a n  S w i f t  . . . . . . . . . . . . . .  FS,SP - 2 
Techni  c a l  D i r e c t o r  
(816 )  229-3405 
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U N I V E R S I T Y  OF FLORIDA 
Combust ion L a b o r a t o r y  
G a i n e s v i l l e ,  FL 32611 
D r .  C h a r l e s  L .  P r o c t o r  . . . . . . . . . . FS,SP,IN - 2 , l  
D i r e c t o r  
(904 )  392-7555 
FORD MOTOR COMPANY 
Dearbo rn ,  M I  48121 
D r .  George A .  L a v o i e  . . . . . . . . . . . PP,PC,FS - 5 ,3 ,1  
E n g i n e e r i n g  & Research S t a f f  
(313 )  323-1408 
FOSTER WHEELER CORP. 
12 Peach T r e e  H i l l  Rd. 
L i v i n g s t n ,  NJ 07039 
M r .  Tom T a y l o r  . . . . . . . . . . . . . . PP,IN,PC - 4 ,3 ,6  
( 2 0 1 )  533-3675 
GAS RESEARCH INSTITUTE 
8600 West B r y n  Mawr Ave. 
Ch icago ,  I l l i n o i s  60631 
D r .  J im K e z e r l e  . . . . . . . . . . . . . . PP,PC - 4,2,3 
( 3 1 2 )  399-8331 
GEORGE WASHINGTON UNIVERSITY 
Washington D.C. 20052 
P r o f .  Hous ton  M i l l e r  . . . . . . . . . . . FS,PC - 1,2 
D e p t .  o f  C h e m i s t r y  
GENERAL ELECTRIC RESEARCH & DEVELOPMENT CENTER 
Schenectady,  NY 12301 
D r .  S a n j a y  M .  C o r r e a  . . . . . . . . . . . PP,PC - 3 , l  
GENERAL MOTORS RESEARCH LABS 
Warren, M i c h i g a n  48090-9055 
Bruce  P e t e r s  . . . . . . . . . . . . . . . PP,PC - 5 , 1 , 3  
James C. H o l z w o r t h  . . . . . . . . . . . . PP,PC 
D i r e c t o r  o f  I n t e r d e p a r t m e n t  Programs 
(313)  986-0032 
GEORGIA INSTITUTE OF TECHNOLOGY 
A t l a n t a ,  G e o r g i a  30332 
Prof. Warren C .  S t r a h l e  . . . . . . . . . . PP,PC - 1,3,5 
P r o f .  Ben T .  Z i n n  . . . . . . . . . . . . . PP - 3,5 
School  o f  A e r o n a u t i c a l  Engr .  
School  o f  A e r o n a u t i c a l  Engr .  
B . F .  GOODRICH TECHNICAL CENTER 
P.O.  Box 122 
Avon Lake,  OH 44102 
D r .  M a r c e l a  M .  H i r s c h l e r  . . . 
(216 )  933-1780 
. . I  . . .  FS - 1,3 
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GRINELL - PYROTECTOR I N C .  
333 L i n c o l n  S t .  
Hingham, Mass. 
John J o r d o n  . . . . . . . . . . . . . . . .  
Aerospace M a r k e t i n g  Mgr. 
(617)  749-3466 
FS,SP - 1.3,6 
GRINELL CORPORATION 
Research & Development C t r .  
1467 Elmwood Ave. 
C r a n s t o n ,  R I  02910 
Jerome S.  Pepi  . . . . . . . . . . . . . .  F S , S P , I N , P C  - 1,3,4 
V i  ce P res  i d e n t  
(401)  456-5770 
GRUMMAN AEROSPACE CORP. 
Research & Development  C t r .  
Bethpage,  NY 11714 
D r .  M i c h a e l  W .  S l a c k  . . . . . . . . . . .  SP,PP - 1,3,5 
John W .  Cox . . . . . . . . . . . . . . . .  SP,PP - 1,s  
Head, Chemical  P h y s i c s  
(51 6) 575-2229 
FRANK B. HALL 
89 Broad S t .  
Bos ton ,  Mass. 02110 
John Ganger . . . . . . . . . . . . . . . .  FS,SP 
(617)  482-3100 
HARVARD UNIVERSITY 
~ Cambridge, Mass 
Prof. Howard W .  Emmons . . . . . . . . . .  FS 
(617 )  495-2487 
HONEY W ELL 
P h y s i c a l  Sc.  C e n t e r  
10701 L y n d a l e  Ave. ,  S .  
B l o o m i n g t o n ,  MN 55420 
3660 Technology D r .  
M i n n e a p o l i s ,  MN 55418 
U l r i c h  Bonne . . . . . . . . . . . . . . .  FS,SP - 1,3 
(612)  887-4477 
J e r r y  Wood . . . . . . . . . . . . . . . .  SP,FS - 1,3 
Jim Wood . . . . . . . . . . . . . . . . .  PC 
(612)  782-7063 
(612)  542-6773 
I . C . I .  AMERICAS I N C .  
Speci  a1 t y  Chem. D i  v . 
W i l m i n g t o n ,  D e l .  19897 
John Mossel  . . . . . . . . . . . . . . . .  FS,SP - 1,2 
I 
~ (302)  575-3535 
UNIVERSITY OF ILLINOIS 
144 MEB 
1206 W .  Green S t .  
Urbana, I l l i n o i s  61801 
Prof .  Roger A .  S t r e h l o w  . . . . . . . . . .  FS,SP,PP - 1,2,4 
Prof. Herman K r i e r  . . . . . . . . . . . .  PP,PC - 1,3 
Dept .  o f  A e r o e n g i n e e r i n g  
Dept .  of Mechanica l  Engr .  
Dept .  o f  Mechanica l  Engr .  
(217)  333-3769 
(217)  333-0529 
Prof. J im P e t e r s  . . . . . . . . . . . . .  PP,PC - 1 
(21  7 )  333-3237 
ILLINOIS INSTITUTE OF TECHNOLOGY 
Chi cago, I 1  1 i n o i  s 6061 6 
D r .  Hal Wakely . . . . . . . . . . . . . .  I N  - 4 
(312)  567-4705 
INDUSTRIAL RISK INSURERS 
85 Woodland S t .  
H a r t f o r d ,  CT 06102 
J i m  A .  Lambert  . . . . . . . . . . . . . .  FS,SP 
V . P . ,  Loss P r e v e n t i o n  
(203)  520-7300 
INSTITUTE OF GAS TECHNOLOGY 
3424 South S t a t e  S t .  
Chicago,  I l l i n o i s  60616 
Rober t  M a c r i s s  . . . . . . . . . . . . . .  I N , P C  - 4,3,2 
(31 2 1 890-6444 
RALPH JENSEN ASSOCIATES 
104 Wilmot Rd. 
D e e r f i e l d ,  I L  60015 
S t e v e  Moran . . . . . . . . . . . . . . . .  FS,SP 
( 3 1 2 )  948-0700 
THE M.W. KELLOGG COMPANY 
Three Greenway P l a z a  East  
Houston, Texas 77046 
D r .  R . E .  Levy . . . . . . . . . . . . . . .  I N  - 4,3 
V . P . ,  Technology Development 
(713)  960-2601 
UNIVERSITY OF KENTUCKY 
Dept .  o f  Mechanica l  Engr .  
L e x i n g t o n ,  KY 40506 
Prof. Rober t  B .  A l t e n k i r c h  . . I 
(606)  257-2663 
. . . .  FS,SP,PC - 1,3,6 
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ARTHUR D .  LITTLE I N C .  
Aco rn  P a r k  
Cambridge, Mass 02140 
(617 )  864-5770 
Paul  A .  C roce  . . . . . . . . . . . . . . .  FS,SP,PP,PC Edwin L .  F i e l d  I 1  
Paul  B. Monaghan . . . . . . . . . . . . .  
R . P .  Wilson J r  . . . . . . . . . . . . . .  
I 1  
I 1  I 1  
I 1  I 1  
. . . . . . . . . . . . . .  
LOUISIANA STATE UNIVERISTY 
B a t o n  Rouge, LA 70803 
D e p t .  o f  Mechan ica l  E n g i n e e r i n g  
Ceba B l d g . ,  Rm 2508 
Prof. Thomas W .  L e s t e r  . . . . . . . . . .  FS,PC - 2,3 
T i n a C h e n g  . . . . . . . . . . . . . . . .  F S - 2  
(504 )  388-5792 
(504)388-5823 
. 1 ,3 ,4,6 I I  I 1  
11 I 1  
I 1  I 1  
LUBRIZOL CORP. 
29400 Lake1 and B1 vd .  
W i c k l i f f e ,  OH 44092 
D r .  G . R .  H i l l  . . . . . . . . . . . . . . .  I N  - 3 
V . P . ,  R e s e a r c h  & Development 
(216 )  943-4200 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
D e p t .  o f  Chemical  Engr .  
Cambr idge,  MA 02139 
Prof. J.M. Beer  . . . . . . .  
P r o f .  Jack  B. Howard . . . .  
Prof. John 6 .  Heywood . . . .  
(617)  253-6661 
(617 )  253-4574 
(617 )  253-2243 
Prof. John P .  L o n g w e l l  . . .  
(617 )  253-4534 
Prof. Adel  F.  S a r a f i r n  . . .  
Prof. G l e n  C.  W i l l i a m s  . . .  
(617)  253-4587 
(617 )  253-4587 
. . . . . . .  PP,PC,IN - 3 ,4 ,2 ,1  
. . . . . . .  PP,PC,IN - 1 , 2 , 3  
. . . . . . .  PP,PC,FS - 5,1,3 
. . . . . . .  FS,PC,PP - 1,3,4 
. . . . . .  PC,FS,PP - 3,1,2 
. . . . . . .  PC,FS,PP - 2,4,1 
McDONNELL DOUGLAS RESEARCH LABS 
P.O.  Box 516 
S t .  L o u i s ,  MO 63166 
James M .  Madcon . . . . . . . .  . . . . . .  PP,PC - 1,3 
UNIVERSITY OF MICHIGAN 
Aerospace Engr . 
Ann A r b o r ,  M i c h i g a n  48109 
(31 3 )  764-7200 
Prof .  M a r t i n  S i c h e l  . . . . . . . . . . . .  FS,PP,PC - 1 , 2 , 5  
Prof .  G e r a l d  M .  F a e t h  . . . . . . . . . . .  PP,PC - 1,3,5 
Prof. W i l l i a m  Kaufman . . . . . . . . . . .  FS,PC,PP - 1,2,5,3 
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M I C H I G A N  TECHNOLOGY UNIVERSITY 
D e p t .  o f  M e c h a n i c a l  Engr .  
Houghton,  M I  49931 
Prof. John H .  Johnson . . . . . . . . . . .  PP,PC - 5 ,3  
Chai  rman 
(906 )  487-2576 
MOBILE RESEARCH & DEVELOPMENT CORP. 
C e n t r a l  Research D i  v .  
P.O. Box 1025 
P r i n c e t o n ,  NJ 08540 
D r .  Ra lph  P o w e l l  . . . . . . . . . . . . .  I N  
(609 )  737-3000 
MORGANTOWN ENERGY TECHNOLOGY CTR. 
Morgantown, West V i r g i n i a  
D r .  Paul  Wieber . . . . . . . . . . . . . .  PP,PC - 1,3,2,6 
O f f i c e  o f  T e c h n i c a l  Management 
Depu ty  Assoc. D i r .  
( 304 )  291-4364 
D r .  D a n i e l  Maloney . . . . . . . . . . . .  PP,PC - 1,3,6 
NALCO CHEMICAL CO. 
1 NALCO C e n t e r  
N a p e r v i l l e ,  I L  60566 
Pau l  Colombo . . . . . . . . . . . . . . .  I N  
T e c h n i c a l  D i r e c t o r ,  Research 
(312 )  961-9500, E x t .  2060 
NATIONAL BUREAU OF STANDARDS 
B l d g .  224 
C e n t e r  f o r  F i r e  Research 
G a i t h e r s b u r g ,  MD 20899 
D r .  R i c h a r d  G .  Gann . . . . . . . . . .  . FS,SP,PP,PC, IN - 3,6,1,4 




Takashi  Kash iwag i  . . . . . . . . . . . . .  
D a v i d E v a n s  . . . . . . . . . . . . . . . .  
George M u l h o l a n d  . . . . . . . . . . . . .  
I 1  I 1  I 1  
(301 ) 975-6699 
I1 11 11 
(301 )  975-6897 
I1 I 1  I1 
Rm 8-258 
(301 )  975-6695 
NAVAL RESEARCH LAB 
Washington D.C.  20375 
Homer C a r h a r t  . . . . . . . . . . . . . . .  FS,SP,PP - 1 ,3 ,6  
F r e d  W i l l i a m s  . . . . . . . . . . . . . . .  FS,SP,PP - 1 ,3 ,6  
E l a i n e  Oran . . . . . . . . . . . . . . . .  FS,SP - 1,3 
(202 )  767-2262 
(202 )  767-2476 
(202 )  767-2960 




I UNIVERSITY OF NEW MEXICO 
Campus Box 25 
A lbuquerque ,  NM 87131 
, 
I New M e x i c o  E n g i n e e r i n g  Research I n s t .  
D r .  R o b e r t  E .  T a p s c o t t  . . . . . . . . . .  FS,SP - 4 ,3 ,6  
A c t i n g  Manager,  APT D i v .  
(505 )  844-4644 
UNIVERSITY OF NORTH DAKOTA 
Energy Research C e n t e r  
P.O.  Box 8213 
Grand F o r k s ,  ND 58201 
D r .  H .  P e t e r  Hombach . . . . . . . . . .  
(701)  777-51 47 
OAK R I D G E  NATIONAL LAB 
Post O f f i c e  Box Y 
Oak R idge ,  TN 37381 
C.  S t e w a r t  Daw . . . . . . . . . . . . .  
B l d g .  9108 
(615 )  574-0373 
PP,PC - 3 , l  
FS,PP,PC - 2 , l  
OHIO S T A T E  U N I V E R S I T Y  
Columbus, OH 43210 
Prof. R o b e r t  H .  Essenh igh  . . . . . . . . .  PP,PC - 3 , l  
206 West 1 8 t h  Ave.  
D i r e c t o r ,  F u e l s  & Combust ion Lab. 
(61 4 )  292-0403 
D e p t .  o f  M e c h a n i c a l  E n g i n e e r i n g  
Prof. Lawrence R .  Kennedy . . . . . . . . .  FS,PP,PC - 2 ,4  
OREGON STATE UNIVERISTY 
Mechan ica l  E n g i n e e r i n g  D e p t .  
I C o r v a l l i s ,  OR 97331 
I 
I D r .  A.M.  Kanury  . . . . . . . . . . . . . .  PC,PP - 1,2 
I ( 503 )  754-4902 
UNIVERSITY OF OKLAHOMA 
Norman, Oklahoma 73069 
Prof .  S . R .  G o l l a h a l l i  . . . . . . . . . . .  P P , I N  - 3 , l  
D r .  S l e i p c e v i c h  . . . . . . . . . . . . . .  I N , F S  - 1,3 
, Aerospace & N u c l e a r  E n g i n e e r i n g  
(405 )  325-7241 
Flame Dynamics Lab 
121 5 Wes t h e  i m 
(405 )  325-7263 
PENN S T A T E  UNIVERSITY 
D e p t .  o f  Mechan ica l  Engr .  
U n i v e r s i t y  P a r k ,  PA 16802 
(81 4) 865-4542 
P r o f .  A n i 1  K .  K u l k a r n i  . . . . . . . . . .  FS,PC - 1 .3  
Prof. Kenne th  K .  Kuo . . . . . . . . . . .  FS,PP,PC - 3 , l  
Prof. Howard Palmer . . . . . . . . . . . .  F S , S P , P C  - 3,1,6 
(814 )  865-251 6 
I 42 
PHYSICAL SCIENCES I N C .  
Research Park  
Andover,  MA 01810 
(617)  475-9030 
D r .  A r t h u r  A .  Boni  . . . . . . . . . . . .  FS - 1,3 
T e r r y  P a r k e r  . . . . . . . . . . . . . . .  FS - 3 , l  
PITTSBURGH ENERGY TECHNOLOGY CENTER 
D.O.E .  
P.O.  Box 10940 
P i t t s b u r g h ,  PA 15236 
Jim H i c k e r s o n  . . . . . . . . . . . . . . .  FS,PP,PC - 1,2 
MS 922 
(412)  675-5721 
P h i l  Go ldberg  . . . . . . . . . . . . . . .  FS,PC 
(412)  675-5882 
P . P . G .  INDUSTRIES 
D i r e c t o r ,  Research & Development,  Glass 
P.O. Box 11472 
P i t t s b u r g h ,  PA 15238 
F i b e r g l a s s  Research C e n t e r  
Manager o f  E n g i n e e r i n g  8t Processes,  F i b e r g l a s s  
P.O.  Box 28444 
P i t t s b u r g h ,  PA 15230 
M r .  D .  Emhizer . . . . . . . . . . . . . .  I N  
(41 2) 665-851 5 
M r .  V i n c e n t  G u l l o t t a  . . . . . . . . . . .  I N  
(412)  782-5130 
PURDUE UNIVERSITY 
West L a f a y e t t e ,  I N  47907 
Prof. W i n f r e d  P h i l l i p s  . . . . . . . . . .  PP,PC 
Head, Mechanica l  E n g i n e e r i n g  
Mechanica l  E n g i n e e r i n g  
(317)  494-1516 
(317)  494-5688 
Prof .  A r t h u r  H .  L e f e b v r e  . . . . . . . . .  P P , I N , P C  - 3 , l  
P r o f .  Norman Laurendeaur  . . . . . . . . .  PP,PC 
(317)  494-2713 
RESEARCH INDUSTRIES I N C .  
123 N o r t h  P i t t  S t .  
A l e x a n d r i a ,  VA 22300 
J o h n G r o v e  . . . . . . . . . . . . . . . .  I N  
V i c e  P r e s i d e n t  
(703)  548-3667 
R.J. REYNOLDS TOBACCO CO. 
Bowman Gray Tech. C t r .  
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Exper iment  
ca tegory  
No f l o w  l i q u i d  
sol i d  
Homogeneous 
m ix .  f u e l - a i r  
Low f l o w  s o l  i d  
and l i q u i d  
Low f l o w  
gaseous f u e l  
High p ressu re  
combust ion 
Speci a1 bu rne rs  
TABLE I .  - I N T E R E S T  I N  EXPERIMENTS 
I n t e r e s t  group 
F i r e  s a f e t y  
t e r r e s t r i a l  
H igh  
H igh  




F i r e  s a f e t y  
space 
Med i urn 
Low 
H igh  
Low 
None 
Med i um 
Propul  s i  on 
and power 
H i g h  
Med i urn 
Low 
Low 
H igh  
Low 
I n d u s t r i  a1 
b u r n e r s  
Low 
Low 
Med i um 
H igh  
None 
None 
D e f i n i t i o n  o f  i n t e r e s t s :  
H igh  Very i n v o l v e d  and w i t h  a d e f i n i t e  need f o r  t echno logy .  
Medium I n t e r e s t e d  i n  exper iments and d e r i v e d  techno logy .  
Low Minor  i n t e r e s t  i n  exper iments and genera l  t echno logy .  
None No s p e c i f i c  needs b u t  may have i n t e r e s t  i n  techno logy .  
Pol  1 u t i  on 
c o n t r o l  
Med 
Med 
H i g h  
Low 
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FIGURE l a  
EXPERIMENTAL APPARATUS FOR TESTING 





FIGURE l b  
EXPERIMENTAL APPARATUS FOR TEST1 MG 
CYLINDRICAL OR FLAT FUEL SAMPLES WITH NO FLOW 
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A I  
FIGURE 2 
APPARATUS FOR HOMOGENEOUS FUEL-AI R MIXTURE EXPERIMENTS 
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SCHEMATIC OF APPARATUS USED 
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FIGURE 4b 
SCHEMATIC OF OPPOSED JET FUEL BURNER 
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SCHEMATIC OF C Y L I  NDRI CAL  GASEOUS F U E L  
D I F F U S I O N  FLAME BURNER 
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FIGURE 5 
SCHEMATIC OF APPARATUS FOR 
FIRE SAFETY MODELING OF SPACE STATION 
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FIGURE 6 
SCHEMATIC OF MICROGRAVITY COMBUSTION FACILITY 
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